AD-A282  729 

lllillil 


im-m-  94  04  63' 


(D 


AFOSR  CONTRACTORS 


MEETING 


Approved  for  public  releasdj 
distribution  unliaited* 


IN  PROPULSION 


June  8  -  10,  1994 


^DT!C 


LAKE  TAHOE  CA  /  NV 


electe 

JUL231994 


e 


AFOSR 


UNIVERSITY  OF 
CALIFORNIA 
DAVIS 


94-23417  ,  ^ 

94  ^  '25  059 


REPORT  DOCUMENTATION  PAGE 

form 

0MB  MO.  0?CH-01ia 

SQSS 

t.  ACWa  UH  0«lT  ft.m  bl»<*)  2.  M/0«T  DAT!  3.  M^O«T  mi  AND  OA715  COVIMO 

j  13  July  1994  Technical 

4.  rmi  AND  sufnru 

(U)  ATOSR  Contractors  Meeting  in  Propulsion 

S.  fUNOING  NUMBtU 

PE  -  61102F 

PR  -  2308 

A.  Ain-Hoats) 

H  A  Birkan  and  J  M  Tishkoff 

7.  PtVOHMtQ  OAGANtZATION  MAME(S)  AND  AOOAISSdS)  ' 

AFOSR/NA 

110  Duncan  Avenue,  Suite  BUS 

Bolling.  An  DC  20332-00Q1 

a.  PtVORMING  ORGANIZATION 

REPORT  NUMRCR 

94  04  6  3 

t.  SPOJtSOasiC/MONITOlUNa  AGINCr  NAM£(S)  AMO  AOOUSS<iS) 

APOSR/NA 

110  Duncan  Avenue,  Suite  B115 

Bolling  AFB  DC  20332-0001 

10.  SPONSORMC/MONnORING 

ACENCr  REPORT  NUMBER 

11.  SUPrUAtCNTAAT  NOTES 

12a  OCSntWTUTM/AVAOAtlUrT  STATIMINT 

Approved  for  public  release;  distribution  is 
unliolted 

UhA  DtSTiUEUTlON  COOC 

12.  abstract  (Atanmwm^OQiwar^ 

Abstracts  are  given  for  research  in  airbreathing  combustion,  rocket  propulsion, 
and  diagnostics  in  reacting  media  supported  by  the  Air  Force  Office  of  Scientific 
Research .  • 

a 

e 

1A.  suuia  TUMS 

Instability,  Flames,  Propulsion,  Gas  Turbines, 
Combustion,  Shear  Layer,  Supersonic,  Soot,  Sprays,  Lasers, 
Fluorescence,  Spectroscopy,  Rocket,  Plasma,  Scrmajets 

IE.  PIUCE  CODE 

17  Hcuwrr  OASStftCATiON  it.  sicuwrr  CL*$siriCATiON  n.  stcuwrr  oassipication 

OP  RIPOKT  OP  THIS  PAGE  OP  aUTRACT 

Unclassified  Unclassified  Unclassified 

30.  UMITATION  OP  abstract 

UL 

NSN  7S4O4l.jM>.5S00  -  SUnti»rtf  39t  (990^04  DrafO 


I  %  AM  M.  2>^i» 


TABLE  OF  CONTENTS 


£aSft 


PROGRAM 

Monday,  6  Jun  1994  .  i 

Tuesday,  7  Jun  1994 .  ii 

Wednesday,  8  Jun  1994 .  ill 

Thursday,  9  Jun  1994  .  vi 

Friday,  10  Jun  1994 .  vii 

NONSTEAOY  COMBUSTION  MECHANISMS  OF  ADVANCED  SOLID 
PROPELLANTS,  M.C.  Branch,  et  al .  1 

CHEMICAL  MECHANISMS  AT  THE  BURNING  SURFACE,  T.B.  Brill.  .  8 


COMBUSTION  KINETICS  OF  HEDMs  AND  METALLIC  FUELS, 

A.  Fontijn .  12 

NONLINEAR  ACOUSTIC  PROCESSES  IN  SOLID  ROCKET  ENGINES, 

D.R.  Kassoy .  16 

DIRECT  NUMERICAL  SIMULATION  OF  ACOUSTIC-MEAN  FLOW 
INTERACTIONS  IN  SOLID  ROCKET  MOTORS,  S.  Mahallngaa.  ...  20 

INVESTIGATION  OF  ACTIVE  CONTROL  OF  COMBUSTION 

INSTABILITIES  IN  CHEMICAL  ROCKETS,  B.T.  Zinn,  et  al  .  .  .  24 

FUNDAMENTALS  OF  ACOUSTIC  INSTABILITIES  IN  LIQUID- 

PROPELLANT  ROCKETS,  F.A.  Williams .  28 

MODELING  LIQUID  JET  ATOMIZATION  PROCESSES,  S.D.  Heister  .  32 

THEORETICAL  INVESTIGATION  OF  LIQUID-PROPELLANT  DROPLET 
COMBUSTION  AND  DYNAMICS  AT  SUPERCRITICAL  CONDITIONS, 

V.  Yang .  36 


DETAILED  STUDIES  OF  SOOT  FORMATION  IN  LAMINAR  DIFFUSION 
FLAMES  FOR  APPLICATION  TO  MODELING  STUDIES,  R.J.  Santoro. 

MODELING  STUDY  TO  EVALUATE  THE  IONIC  MECHANISM  OF  SOOT 
FORMATION,  H.F.  Calcote  . 

DEVELOPMENT  OF  PREDICTIVE  REACTION  MODELS  OF  SOOT 
FORMATION,  M.  Frenklach  . 

DEVELOPMENT  OF  A  TECHNIQUE  TO  DETERMINE  THE  MORPHOLOGY 
AND  DYNAMICS  OF  AGGLOMERATES  IN  CHEMICALLY  REACTING 
FLOWS,  T.  Ch2u:alampopoulos . 


Disk 


40 


44  ^ 

□ 

□ 


48 


lal 


TRANSPORT  PHENOMENA  AND  INTERFACIAL  KINETICS  IN 

MULTIPHASE  COMBUSTION  SYSTEMS,  O.E.  Rosner .  56 

SUPERCRITICAL  DROPLET  BEHAVIOR,  D.6.  Talley .  61 

COMBUSTION  INSTABILITY  PHENOMENON  OF  IMPORTANCE  TO 

LIQUID  PROPELLANT  ROCKET  ENGINES,  R.J.  Santoro,  et  al  .  .  65 

LIQUID  ROCKET  MOTOR  COMBUSTION  STABILITY  USING  COAXIAL 
INJECTIONS,  M.M.  Mice! .  69 

DROPLET  COLLISION  IN  LIQUID  PROPELLANT  COMBUSTION, 

C.  K.  Law .  73 

DETERMINATIOM  OF  STRUCTURE,  TEMPERATURE  AMD  CONCENTRATION 
IN  THE  NEAR  INJECTOR  REGION  OF  IMPINGING  JETS  USING 
HOLOGRAPHIC  TECHNIQUES,  D.  Poullkakos  .  77 

COMBUSTION  AMD  PLUMES,  D.P.  Weaver,  et  al .  81 

ADVANCED  DIAGNOSTICS  FOR  REACTING  FLOWS,  R.K.  Hanson.  .  .  85 

NONLINEAR  LASER  DIAGNOSTICS  FOR  COMBUSTION  AND  PLASMA 
PROCESSES,  D.L.  Huestis,  et  al .  89 

RAPID  CONCENTRATION  MEASUREMENTS  BY  PICOSECOND  TIME- 
RESOLVED  LASER-INDUCED  FLUORESCENCE,  G.B.  King,  et  al  .  .  93 

ENERGY  CONVERSION  DEVICE  DIAGNOSTICS,  B.N.  Ganguly.  ...  97 

NONLINEAR  SPECTROSCOPY  OF  MULTICOMPONENT  DROPLETS, 

R.K.  Chang .  100 

DROPLET-TURBULENCE  INTERACTIONS  OVER  A  WIDE  SPECTRAL 

RANGE,  W.A.  Sirignano .  104 

PARTICLE  DISPERSION  IN  A  TURBULENT  SHEAR  FLOW, 

I.  Kennedy,  et  al .  108 

ATOMIZATION  OF  VISCOUS  LIQUID  SHEETS,  E.A.  Ibrahim.  .  .  .  112 

USE  OF  MAXIMUM  ENTROPY  PRINCIPLE  AS  A  GUIDE  IN  DESIGN  OF 
SPRAY  NOZZLES,  R.S.  Tankin .  116 

FUELS  COMBUSTION  RESEARCH,  T.A.  Jackson,  et  al .  120 

FLUORESCENT  DIAGNOSTICS  AND  FUNDAMENTAL  DROPLET 

PROCESSES,  L.A.  Melton,  et  al .  122 


BREAKUP  AND  TURBULENCE  GENERATION  IN  DENSE  SPRAYS, 
G.M.  Faeth . 


126 


APPLICATION  OF  PARALLEL  PROCESSING  TO  THE  INVESTIGATION 
OF  SUPERCRITICAL  DROPLET  EVAPORATION  AND  COMBUSTION  USING 


MOLECULAR  DYNAMICS,  M.M.  Micci,  et  al .  130 

ATOMIZATION  OF  SUPERCRITICAL  FLUIDS  IN  GASES, 

P.-K.  Wu,  et  al .  134 

ADVANCED  SUPERCRITICAL  FUELS,  T.  Edwards,  et  al .  138 

FUELS  COMBUSTION  RESEARCH,  I.  Glassman,  et  al .  142 

COMPUTER  SIMULATION  OF  MOLECULAR  INTERACTIONS  IN 
SUPERCRITICAL  SOLVENTS;  PARTICLE  FORMATION  FROM 
SUPERCRITICAL  FLUIDS,  P.G.  Debenedetti .  146 

PLASMA  PROPULSION  (Not  Presented) .  150 

FUNDAMENTAL  STUDIES  OF  THE  ELECTRODE  REGIONS  IN  ARCJET 
THRUSTERS,  M.A.  Cappelli .  151 

ANOMALOUS  IONIZATION  AND  THE  MPD  THRUSTER: 

INVESTIGATIONS  OF  THE  CRITICL  IONIZATION  VELOCITY  (CIV) 
PHENOMENON  IN  SPACE,  E.Y.  Choueirl,  et  al .  156 

A  COMPREHENSIVE  INVESTIGATION  OF  ARCJET  OPERATION, 

D.A.  Erwin .  160 


ELECTROSTATIS  ION  PROPULSION  USING  C^o  MOLECULES 

1993-1994  RESEARCH  PROGRAM  OVERVIEW,  S.D.  Leifer,  et  al  .  164 

PARTICLE-IN-CELL  AND  MONTE  CARLO  MODELING  OF  ADVANCED 


PLASMA  THRUSTERS,  D.  Hastings .  168 

A  HIGH  THRUST  DENSITY,  Cn  CLUSTER,  ION  THRUSTER, 

V.  Hruby .  172 

LASER  FLUORESCENCE  DIAGNOSTICS  FOR  ARCJET  THRUSTERS, 

D.  Keefer .  175 

TWO  TEMPERATURE  MODELING  OF  MULTICOMPONENT  ARCJETS  WITH 
EXPERIMENTAL  VALIDATION,  H.  Krier,  et  al .  179 

INVESTIGATION  OF  ENERGY  DISTRIBUTION  IN  THE  INTERIOR  OF 
A  30kW  CLASS  ARCJET .  183 

THERMAL-ELECTRIC  PROPULSION  WITH  MAGNETOPLASMADYNAMIC 
ACCELERATION,  B.M.  Tabibi .  187 

AIRBREATHING  COMBUSTION  AMD  PROPULSION  DIAGNOSTICS  (Not 
Presented) .  191 


RESEARCH  ON  SUPERSONIC  REACTING  FLOWS,  C.T.  Bowman,  et  al  192 


MECHANISTIC  MODELS  FOR  SOOT  FORMATION,  M.B.  Colket,  et  al  196 
TURBULENCE-CHEMISTRY  MODELS  IN  HIGHLY  STRAINED 

NON>PREMIXED  FLAMES,  S.M.  Correa .  200 

HIGH  RESOLUTION  MEASUREMENTS  OF  MIXING  AND  REACTION 
PROCESSES  IN  TURBULENT  FLOWS,  W.J.A.  Daha .  204 

CHEMICAL  REACTIONS  IN  TURBULENT  MIXING  FLOWS, 

P.E.  Diaotakis .  208 

REACTION  ZONE  MODELS  FOR  VORTEX  SIMULATION  OF  TURBULENT 
COMBUSTION,  A.F.  Ghoniea .  214 

NUMERICAL  STUDIES  FOR  THE  RAM  ACCELERATOR,  C.  Li,  et  al  .  219 

STUDIES  ON  HIGH  PRESSURE  AND  UNSTEADY  FLAME  PHENOMENA, 

C.K.  Law .  223 

FUNDAMENTAL  RESEARCH  TO  ADVANCE  RAM  ACCELERATOR 

TECHNOLOGY,  D.M.  Littrell,  et  al .  227 

TWO-  AND  THREE-DIMENSIONAL  MEASUREMENTS  IN  FLAMES, 

M.B.  Long .  231 

modelling  mixing  and  reaction  in  turbulent  COMBUSTION, 

S.B.  Pope .  235 

AFOSR  SPONSORED  RESEARCH  IN  PROPULSION  DIAGNOSTICS, 

J.M.  Tishkoff .  239 

AFOSR  SPONSORED  RESEARCH  IN  AIRBREATHING  COMBUSTION, 

J.M.  Tishkoff .  241 

THEORIES  OF  TURBULENT  COMBUSTION  IN  HIGH  SPEED  FLOWS, 

F.A.  Williaas,  et  al .  243 

INVITEES 

Space  Power  and  Propulsion .  247 

Propulsion  Diagnostics  .  268 

Airbreathing  Combustion .  272 


CRYO-SOLIDS I 

8:30  - 12:00  Possible  speakers: 

Mario  Fajardo,  Phillips  Laboratory 
Michael  Klein,  U.  Pennsylvania 
Greg  Voth,  U.  Pennsylvania 
Jim  Gaines,  U.  Hawaii 
Benny  Gerter,  UC  Irvine 
Takeshi  Oka,  U  Chicago 
Isaac  Silvera,  Harvard  U. 


METAL  ATOMS  AND  CLUSTERS 

1 :30  •  5:00  Possible  speakers: 

Pat  Garrick,  Phillips  Laboratory 
Paul  Oagdigian,  Johns  Hopkins  U. 
Millard  Alexander,  U.  Mar^and 
Lester  Andrews,  U.  Virginia 
Michael  Duncan,  U.  Georgia 
Mitchio  Okumura,  Cal  Tech 
Carl  Lineberger,  U.  Colorado 
Dave  Benard,  Rockwell  Sdence  Ctr. 

7:30  - 1 0:00  PM  POSTER  SESSION 


CRYO-SOLIDS II 

8:30  ’  10:00  Possible  speakers: 

Capt.  Tim  Thompson,  Phillips  Laboratory 
David  Yarkony,  Johns  Hopkins  U. 

Ara  Apkarian,  UC  irvine  (URI) 


SOLID-PROPELLANT  DYNAMICS 
Chair:  J  Levine,  Phillips  Laboratory 

1 0:30-1 1 :30  Nonsteady  Combustion  Mechanisms  of  Advanced 

Solid  Propellants  (URI) 

M  Branch,  University  of  Colorado;  M  Beckstead, 
Brigham  Young  University;  M  Smooke,  Yale  University; 
V  Yang,  Penn  State  University 

1 1 :30-1 2:00  Chemical  Mechanisms  at  the  Burning 

Surface 

T  B  Briil,  University  of  Delaware 

1 2K)0-1 2:30  Combustion  Kinetics  of  HEDMs  and  Metaliic  Fuels 

A  Fontijn,  RPI 


2.’00  -  3:30  SOUD  PROPELLANT  DISCUSSION 

3:30  -  5:00  HEDM  PROGRAM  DIRECTIONS 

Possible  speakers: 

Bob  Corley,  Phillips  Laboratory 
Maj.  David  Lewis,  Phillips  Laboratory 
Lt.  Col.  Larry  Davis,  AFOSR 

SPACE  POWER  AND  PROPULSION 
TECHNOLOGY  TRANSFER  AND  TRANSITION 
Moderator:  J  Levlrm,  Phillips  Laboratory 
OPEN  FORUM 


7:30-9:30 


SOUD-PROPELLANT  ROCKET  CHAMBER  DYNAMICS 
Chair:  D  Weaver,  Phillips  Laboratory 

8:30*9:00  Nonlinear  Acoustic  Processes  in  Solid  Rocket  Engines 

0  R  Kassoy,  University  of  Colorado 

9:00-9:30  DNS  of  Acoustic-Mean  Flow  Interactions  in  Solid  Rocket 

Motors 

S  Mahalingam,  University  of  Colorado 

9:30-1 0:00  Investigation  of  Active  Control  of  Combustion  Instabilities 

in  Chemical  Rockets 
B  T  Zinn,  Georgia  Tech 

10X)0-10:30  BREAK 


LIQUID-PROPELLANT  ROCKETS-I 
Chair:  D  Talley,  Phillips  Laboratory 

1 0:30  - 11 :00  Fundamentals  of  A(x>ustic  Instabilities  in 

Liquid-Propellant  Rockets 
F  A  Williams,  University  of  California 

1 1 :00-1 1 :30  Modeling  Liquid  Jet  Atomization  Processes 
S  D  Heister,  Purdue  University 

1 1 :30-1 2:00  Theoretical  Investigation  of  Liquid-Propellant  Droplet 

Combustion  and  Dynamics  at  Supercritical  Conditions 
V  Yang,  Penn  State 


SOOT 

Chair:  B  Ganguly,  Wright  Laboratory 

8:45  -  9K)0  Opening  remarks 

9:00  -  9:30  Detailed  Studies  of  Soot  Formation  in  Laminar  Diffusion 
Rames  for  Application  to  Modeling  Studies 
R  J  Santoro,  Pennsylvania  State  University 

9:30  - 10:00  Evaluation  of  the  ionic  Mechanism  of  Soot  Formation 
H  F  Calcote,  AeroChem  Research  Laboratories,  Inc. 
10:00-10:30  BREAK 

ill 


10:30- 11. -00 


Development  of  Predictive  Reaction  Models  of  Soot 
Formation 

M  Frenklach,  Pennsylvania  State  University 


1 1 :00  - 1 1 :30  Development  of  a  Technique  to  Determine  the  Morphology 

and  Dynamics  of  Agglomerates  in  Chemically  Reacting 
Rows 

T  Charalampopoulos,  Louisiana  State  University 

1 1 :30  - 12:00  Transport  Phenomena  and  Interfacial  Kinetics  in  Multiphase 
Combustion  Systems 
D  E  Rosner,  Yale  University 

12:00-  1:30  LUNCH 


LIQUID-PROPELLANT  ROCKETS  II 
Chair:  A  Nejad,  Wright  Laboratory 


1 :30  -  2:00  Supercritical  Droplet  Behavior 

D  G  Talley,  Phillips  Laboratory 

2:00  -  2:30  Combustion  Instability  Phenomenon  of  Importance 

to  Liquid  Propellant  Rocket  Engines 
R  J  Santoro,  Penn  State 

2:30  -  3:00  Liquid  Rocket  Motor  Combustion  Stability  Using 

Coaxial  Injectors 
M  M  Micd,  Penn  State 

3:00  -  3:30  BREAK 

3:30  -  4:00  Droplet  Collision  in  Liquid  Propellant  Combustion 

C  K  Law,  Princeton  University 

4:00  -  4:30  Determination  of  Structure,  Temperature  and 

Concentration  in  the  Near  Injection  Region  of  Impinging 
Jets  using  Holographic  Techniques 
D  Poulikakos,  University  of  Illinois  at  Chicago 

4:30  -  5:00  Combustion  and  Plumes 

D  Weaver,  Phillips  Laboratory 


iv 


DIAGNOSTICS 

Chair:  Q  Roy,  Office  of  Naval  Research 

1:30-  2:15  Advanced  Diagnostics  for  Reacting  Rows 
R  K  Hanson,  Stanford  University 

2:15  -  2:45  Nonlinear  Laser  Diagnostics  for  Combustion  and  Plasma 
Phenomena 

D  Huestis,  G  Paris,  and  J  Jeffries,  SRI  International 
2:45  -  3:15  BREAK 

3:15  -  3:45  Rapid  Concentration  Measurements  by  Picosecond  Time- 

Resolved  Laser-Induced  Fluorescence 
G  B  King  and  N  M  Laurendeau,  Purdue  University 

3:45  -  4:15  Energy  Conversion  Device  Diagnostics 

B  N  Ganguly,  WUPOOC-3 

4:15  -  4:45  Nonlinear  Optical  Spectroscopy  of  Multicomponent  Droplets 
R  K  Chang,  Yale  University 

4:45  -  7:30  DINNER 


7:30  -  9:00  BUSINESS  SESSION  -  Contractors,  Grantees,  and 

Government  Laboratory  Personnel  Funded  in  Dr.  Birkan's 
AFOSR  Programs  in  Chemical  Propulsion 


7:30  -  9:30  WORKSHOPS 
Soot 

M  Frenklach,  Pennsylvania  State  University 

Supersonic  Combustion 

M  G  Mungal,  Stanford  University 


V 


SPRAYS 

Chair:  D  Littrell,  Wright  Laboratory 

8:30  -  9:00  Droplet-Turbulence  Interactions  Over  a  Wide  Spectral 
Range 

W  A  Sirignano  and  S  E  Elghobashi,  University  of  California, 
Irvine 

9:00  -  9:30  Particle  Dispersion  in  Turbulent  Sprays 

I  M  Kennedy  and  W  Kollmann,  University  of  California,  Davis 

9:30  - 10:00  Atomization  of  Viscous  Liquid  Sheets 
E  A  Ibrahim,  Tuskegee  University 

10:00-10:30  BREAK 

1 0:30  - 1 1 :00  Use  of  the  Maximum  Entropy  Principle  as  a  Guide  in  Design 
of  Spray  Atomizers 
R  S  Tankin,  Northwestern  University 

1 1  .-00  - 1 1 :30  Fuels  Combustion  Research 

T  A  Jackson,  WL/POSF 

1 1 :30  - 1 2:00  Ruorescent  Diagnostics  and  Fundamental  Droplet 

Processes 

L  A  Melton,  University  of  Texas  at  Dallas  and  M  Winter, 
United  Technologies  Research  Center 

12:00-  1:30  LUNCH 


SPRAYS  AND  SUPERCRITICAL  BEHAVIOR 
Chair:  D  Mann,  Army  Research  Office 

1 :30  -  2:00  Breakup  and  Turbulence  Generation  in  Dense  Sprays 
G  M  Faeth,  University  of  Michigan 

2:00  -  2:30  Application  of  Parallel  Processing  to  the  investigation  of 
Supercritical  Droplet  Evaporation  and  Combustion  Using 
Molecular  Dynamics 

M  M  Micci  and  L  N  Long,  Pennsylvania  State  University 


vi 


2:30 

s.-oo 

3:30 

4:00 

4:30 

5:00 

7:30 


8:30 

10:00 

10:30 

12:00 


3:00  Ramjet  Research 

A  S  Nejad,  WL/POPT 

3:30  BREAK 

4:00  Advanced  Fuel  Utilization 

J  T  Edwards,  WiyPOSF 

4:30  Fuels  Combustion  Research 

I  Glassman,  Princeton  University 

5:00  Computer  Simulation  of  Molecular  Interactions  and  Dynamic 

Processes  in  Supercritical  Solvents  and  Modeling  of  Particle 
Formation  During  Expansion  of  Supercritical  Solvents 
P  G  Debenedetti,  Princeton  University 

7:30  DINNER 

9:30  WORKSHOPS 

Supercritical  Fuel  Behavior 
J  T  Edwards.  WUPOSF 

Turbulent  Combustion 

S  B  Pope,  Cornell  University 


FRIDAY.  10  JUNE  1994 


1 0:00  BUSINESS  SESSION  -  Contractors,  Grantees,  and 

Government  Laboratory  Personnel  Funded  in  Dr.  Tishkoffs 
AFOSR  Programs 

10:30  BREAK 

1 2:00  GAS  TURBINE  TECHNOLOGY  TRANSITIONING  -  Open 

Forum 

ADJOURN 


vii 


NONSTEADY  COMBUSTION  MECHANISMS  OF  ADVANC:ED  SOUD  PROPELLANTS 


AFOSR  Grant  No.  DOD-F49620-93-0430 


M.C  Branch,  University  of  Colorado 
M.W.  Beckstead,  Brigham  Young  University 
TA.  Litzinger,  Pennsylvania  State  University 
M.D.  Smooke,  Yale  University 
V.H.  Yang,  Pennsylvania  State  University 


SUMMARY/OVERVIEW: 

The  devdopment  of  advanced  propdlants  onploying  new  oxidizers  and  energetic  binders  such  as  GAP 
and  PGN  requires  a  more  sophisticated  approach  than  the  conventional  methods  of  testing  a  matrix  of 
ingredients  to  arrive  at  a  formulation  empirically.  Such  an  approach  is  too  costly  and  time  consuming  for 
the  large  matrix  of  oxidizer/binder  combinations.  The  development  of  a  computational  model  to  predict 
the  sources  of  instability,  the  regression  rate,  as  well  as  the  temperature  sensitivity  and  pressure  and 
dqiendence  of  new  formulations  would  be  of  tremendous  value  to  the  propellant  designer  in  the 
fabrication  of  more  energetic  and  stable  systems. 

We  have  initiated  an  exciting  new  collaborative  research  program  combining  the  expertise  of  individuals 
from  several  universities  to  develop  a  new  ability  to  predict  the  propulsion  performance  of  minimum 
smoke,  precision  strike  rodrets.  The  focus  of  the  research  of  nonsteady  behavior  is  unique  and  the  overall 
project  is  not  possible  at  any  one  of  the  institutions  participating  in  this  coordinated  research.  The  project 
will  be  managed  so  as  to  insure  significant  cooperation  and  coordination  between  the  different  universities 
in  conducting  the  carefully  selected  tasks  which  contribute  to  the  overall  research  goal.  The  individual 
tasks  which  we  will  pursue  will  consider  solid  propdlant  decomposition  under  unsteady  conditions, 
nonsteady  a^)ects  of  gas  phase  flame  structure  measurements,  numerical  modeling  of  multidimensional 
flame  structure,  propellani^flame  interactions,  and  overall  nonsteady  propellant  combustion  characteristics 
in  realistic  rocket  motor  environments.  Our  goal  is  to  devdop  general  models  of  fundamental  mechanisms 
of  combustion  instability  that  can  be  applied  to  a  variety  of  new  energetic  materials.  Progress  in  these 
tasks  over  the  past  year  is  outlined  below. 

TECHNICAL  DISCUSSION: 

Task  1.  Condensed  Phase  Processes  (Litzinger) 

Condensed  phase  processes  during  combustion  of  the  solid  propellant  are  being  studied  using  a  unique 
Microprobe  Mass  Spectrometer  (MPMS)  system.  The  objective  of  MPMS  studies  is  to  determine  the 
chemical  mechanisms  for  solid  propellant  combustion  with  an  initial  emphasis  on  the  decomposition  of 
HMX  and  on  the  gas  phase  reactions  of  the  products  of  its  decomposition.  A  quadrupole  mass 
spectrometer  system  using  quartz  microprobes  is  used  to  measure  species  profiles  above  the  surface  of  the 
sample  during  COj  laser  induced  decomposition  or  during  laser  assisted  deflagration  of  the  sample.  Gas 
Phase  tmnp«ature  profiles  are  measured  with  micro-thermocouples  no  larger  than  50  micron. 

The  results  of  the  studies  will  provide  key  information  for  the  modeling  of  propellant  combustion.  It  will 
provide  the  boundary  conditions  at  the  interface  between  the  condensed  and  gas  phases  which  is  critical 
for  modeling.  In  addition,  it  will  provide  gas  phase  species  and  temperature  profiles  over  a  range  of 
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experimental  conditions  that  will  be  used  to  test  the  models.  Finally,  the  results  will  give  insight  into  the 
key  chemical  reactions  to  be  studied  in  the  flame  experiments. 

Much  of  the  wortt  over  the  last  year  has  focused  on  upgrading  the  mass  q;)ectrometer  system  to  a  triple 
quadrupole  (TQMS).  The  TQMS  is  critical  for  detection  and  quantification  of  species  with  the  same 
molecular  weight  such  as  CO,  Nj,  and  QHi.  This  hardware  upgrade  of  the  single  quadrupole  MS  required 
substantial  revision  of  the  existing  system.  The  control  electronics,  the  vacuum  chamber,  the  pumping 
system  and  the  test  chamber  itself  were  redesigned.  In  addition,  the  required  characteristics  of  the  TQMS 
had  to  be  ^ecified  to  Extrel  corporation  so  that  they  could  construct  the  instrument 

All  components  for  the  system  were  received  in  August  1993  when  the  TQMS  was  installed  by  Extrel. 
Alter  installation,  substantial  effort  was  expended  to  optimize  the  instrument  settings  for  detection  and 
separation  of  the  species  with  similar  molecular  weights  and  to  calibrate  the  instrument  Experiments  with 
RDX  and  RDX  composite  propdlants  had  been  successfully  performed  including  se>aration  of 
CO/N3/C2H4  and  Work  with  HMX  will  begin  as  soon  as  HMX  is  available,  which  should  be 

within  the  next  several  months. 

Tasks  2  and  3.  Gas  Phase  Kinetics  and  Chemistry  (Branch.  Smookel 

As  described  in  Task  1,  Condensed  Phase  Processes,  the  decomposition  of  solid  rocket  propellants  and 
other  energetic  materials  leads  to  the  formation  of  gaseous  hydrocarbons  and  oxides  of  nitrogen  which 
react  to  form  a  flame  above  the  surface  of  the  solid.  These  flames  can  provide  heat  which  is  fed  back  to 
the  surface  and  thereby  influences  the  burning  rate  of  the  solid.  In  previous  studies  of  a  number  of 
fuel/NO,  laminar  premixed  flames,  we  have  developed  chemical  kinetic  reaction  mechanisms  which  model 
the  essential  features  of  the  measured  flame  structure.  The  objective  of  the  research  proposed  for  Task 
2  is  to  investigate  the  nonsteady  two-dimensional  effects  associated  with  the  heterogeneous  nature  of 
combustion  of  the  solid  fuel.  Co-flowing  laminar  jet  diffusion  flames  and  counterflow  premixed  and 
diffusion  flames  of  fuel/NO,  mixture  will  be  established,  the  flame  structure  will  be  measured  and  the 
measurements  will  be  compared  to  two-dimensional  diffusion  flame  modeling.  The  research  will  therefore 
focus  on  the  simultaneous  effects  of  mixing  and  reaction  in  order  to  determine  flame  stabilization 
mechanisms  and  stability  limits,  and  flame  stretch  effects  important  in  nonsteady  combustion  processes. 

The  focus  of  research  in  Task  3  is  detailed  flame  modeling  of  fuel/NO,  diffusion  flames  and  eventual 
reduction  of  reaction  mechanisms.  During  the  past  eight  months  our  research  has  focused  on  the 
development  of  a  two-dimensional  computational  modd  of  fuel/NjO  flames  in  a  Wolfhard-Parker 
configuration.  Specifically,  we  have  developed  a  model  that  applies  detailed  chemistry  and  complex 
transport  to  the  two-dimensional  flame  in  which  a  fud  stream  is  sandwiched  between  two  oxidizer 
streams.  Unlike  some  models  in  which  diffusion  in  the  downstream  direction  is  neglected,  we  have  treated 
the  fully  elliptic  problem.  A  discrete  solution  has  been  obtained  by  combining  a  steady-state  and  a  time- 
dependent  solution  method.  A  time-dq)endent  approach  is  used  to  help  obtain  a  converged  numerical 
solution  on  an  initial  coarse  grid  using  a  flame  sheet  starting  estimate.  Grid  points  are  inserted  adaptively 
and  Newton’s  method  is  used  to  complete  the  problem.  The  model  developed  at  Yale  University  is 
currently  being  used  to  compare  temperature  and  ^ecies  profiles  with  experimental  measurements  made 
at  the  University  of  Colorado.  Both  CH4/N2O  and  CO/NjO  flames  are  being  considered.  The  results  of 
this  investigation  will  enable  us  to  probe  the  fluid  dynamic  and  thermochemistry  interaction  and  its  effect 
on  the  structure  of  fuel/NjO  flames.  A  by-product  of  the  study  will  be  an  assessment  of  various  chemistry 
approximations  that  could  be  used  in  the  development  of  propellant  models.  In  particular,  we  will  be  able 
to  investigate  both  partial  equilibrium  and  reduced  chemistry  models. 

Task  4.  Propellant  Combustion  Characteristics  in  Isolated  Environments  fBeckstead^ 

This  particular  phase  of  the  program  will  concentrate  on  developing  a  monopropellant  model  which  can 
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be  coupled  with  a  diffusion  flame  model  to  stimulate  a  solid  propellant  A  model  of  the  condensed  phase 
is  being  devdoped  based  on  previous  work  such  as  the  Price-Boggs  DDT  model  or  the  Bizot-Beckstead 
modd.  The  modd  will  solve  the  transient  heat  conduction  equation,  allowing  for  energy  release  through 
the  solid.  The  modd  will  allow  for  up  to  three  decomposition  reactions  describing  the  initial  bond 
breaking  process,  foOowed  by  several  heterogeneous  reactions  describing  the  reactions  that  occur  in  the 
liquid  layer  on  the  burning  smfoce.  Calculations  will  eventually  be  performed  with  the  model  for  double 
base  bindo',  HMX,  AP,  AN,  and  GAP.  The  required  Idnetic  input  for  the  modd  will  be  obtained  from 
the  experiments  of  Brfll  and  others.  Reduced  reaction  mechanisms  will  be  recommended  for  each  of  the 
specific  ingredients  to  be  used  in  conjunction  with  the  calculations  made  in  the  combined  models 
discussed  in  the  following  paragraphs. 

Preliminary  calculations  have  been  made  for  the  ignition  of  HMX  using  Price’s  model  which  is  based  on 
two  paralld  condensed  phase  reactions  (one  following  the  CHjO  path  and  one  following  the  HCN  path). 
A  summary  of  those  results  is  contained  in  the  attached  flgure  and  table.  The  condensed  phase  values  for 
HMX  were  takoi  firom  a  compilation  of  worics  be  a  number  of  researchers  as  reported  by  both  Boggs  and 
Schroeder.  They  rqroit  decomposition  activation  energies  of  ~4S-50  Kcal/mole  based  on  a  variety  of 
methods,  most  at  rektiveiy  low  temperatures.  The  corre^nding  prefactors  rqrorted  were  ~10'^  to  10^^. 
Unfortunatdy,  these  investigators  only  rqrort  on  a  single  decomposition  reaction.  Thus,  data  for  the  two 
reactions  modeled  were  not  found  in  the  literature.  However,  Schroeder  recommends  activation  energies 
of  >49  and  53  as  rqpresentative  of  the  two  reactions  based  on  his  assessment  of  the  literature,  which  were 
therefore  used  in  Ae  code.  Corre^nding  prefactor  values  of  ~10^  and  10^  were  needed  to  give 
reasonable  ignition  times.  The  ignition  process  was  chosen  as  a  basis  of  comparison  because  it  is  very 
dq)endeot  on  the  condenses  phase  reactions.  The  prefactois  were  slightly  higher  than  reported  data,  but 
well  within  reason. 

These  results  are  both  encouraging  and  discouraging.  Using  two  condensed  phase  reactions  we  can  model 
the  ignition  event  reasonably  well  using  essentially  liioature  values.  However,  identifying  the  appropriate 
experimental  test  with  a  given  reaction  is  difficult  It  is  almost  impossible  to  sqparate  different  reaction 
steps  &om  available  date.  Most  experiments  give  a  global  result 

Another  significant  problem  is  that  of  determining  the  appropriate  surface  temperature  as  the  boundary 
condition  between  the  gas  and  condenses  phases.  A  search  of  the  literature  has  turned  up  essentially  four 
studies  where  the  surface  temperature  of  HMX  has  been  measured.  The  four  studies  are  by  Parr  and  Parr 
at  NWC,  Lengelle  and  Duterque  at  ONERA,  Kubota  and  Sakamoto,  and  Mitani  and  Takahashi.  None  of 
the  authors  reference  any  of  the  others  and  each  present  their  data  as  a  unique  set  of  data.  Parr,  Lengelle 
and  Kubota  apparently  all  used  pressed  pellets  as  a  unique  set  of  data.  Parr,  Lengelle,  and  Kubota 
apparently  all  used  pressed  pellets  of  pure  HMX,  while  Mitani  used  pellets  of  97%  HMX  and  3%  wax. 
Mitani  also  used  a  counter  flow  burner  to  bum  the  pdlets  and  obtain  Uie  data.  Parr,  Lengelle  and  Kutoba 
all  report  using  thermocouples  on  the  order  of  5  to  15/mi,  which  would  appear  to  be  sufficiently  small  to 
resolve  the  surface  temperatures  at  the  conditions  cited.  Kubota  made  his  measurements  up  to  pressures 
of  >>90  psi  while  Parr’s  measurements  were  up  to  ~240  psi.  Neither  Lengelle  nor  Mitani  report  their  test 
conditions  that  resulted  in  varying  burning  rates. 

The  agreement  between  investigators  is  not  good.  Parr  and  Lengelle  both  rq)ort  an  uncertainty  of  ~S0K, 
but  the  general  disagreement  is  greater  than  50K.  Kubota  does  not  actually  report  surface  temperatures. 
He  interprets  his  results  as  a  ’decomposition  temperature’  where  reactions  begin,  but  which  is  lower  than 
what  a  surface  temperature  would  be.  Thus,  bis  ‘surface  temperatures’  would  be  somewhat  higher  than 
the  data  reported,  which  would  be  more  in  line  with  the  data  of  either  Lengelle  or  Mitani.  Although  the 
NWC  data  were  obtained  in  what  appears  to  be  a  very  careful  and  meticulous  manner,  the  numbers  are 
100  to  150K  below  the  other  measurements  made  at  the  corresponding  rates.  If  one  attempts  to 
extrapolate  the  data  to  pressures  and  rates  typical  of  rocket  motors,  the  uncertainty  becomes  extreme  due 
to  the  large  data  scatter.  Additional  quantitative  experimental  data  are  needed  from  Task  1  outlined  above 
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and  reduced  flame  mechanrsms  are  needed  firom  Tasks  2  and  3. 

Task  5.  Propellant  Cbmbustion  in  Rock<a  Motor  Environments  fYane) 

Results  obtained  flom  Tasks  1  through  4  provide  a  concrete  basis  for  understanding  the  detailed 
combustion  mechanisms  of  solid  propdlants  in  an  isolated  quiescent  envirorunent  To  extend  these 
fundamental  investigations  to  practical  motor  design  issues,  it  is  important  to  study  the  propellant  burning 
bdiavior  at  realistic  rocket  motor  conditions.  Most  previous  researdi  on  motor  interior  ballistics  was 
either  focused  on  cold*flow  simulation  or  based  on  simplified  s^toaches  with  propdlant  burning  rates 
modeled  by  empirical  formulas.  Very  little  is  known  about  detailed  combustion  mechanisms  under 
chamber  cross  Gtows.  The  purpose  of  this  task  is  to  remedy  these  technical  and  scientific  deficiencies  by 
treating  detafled  flowfields  and  chemical  reactions.  Both  steady  and  oscillatory  flow  conditions  are 
considered,  with  mnphasis  placed  on  the  interactions  between  propdlant  combustion  and  motor  internal 
flows.  The  work  mainly  addresses  two  issues:  how  the  local  flow  conditions  of  velocity,  pressure, 
temperature,  and  turbulence  intensity  affect  propdlant  burning,  and  how  the  motor  internal  flow  is 
established  by  propdlant  burning. 

Figure  4  shows  the  basdine  configuration  examined  here,  a  two-dimensional  (either  planar  or 
axisymmetric)  rocket  motor  with  burning  solid-propdlant  grains.  The  formulation  is  based  on  the 
complete  conservation  equations  of  mass,  momentum,  energy,  and  species  concentration  for  both  gas  and 
condensed  phases,  wifli  full  account  takoi  of  variable  tranqx>rt  and  thermodynamic  properties.  Only 
reduced  chemical  kinetics  schemes  acquired  from  Tasks  1  through  4  are  incorporated  into  the  flow  solver 
to  render  numerical  calculations  manageable.  Turbulence  closure  is  achieved  using  a  modified  turbulent 
transport  model  which  takes  into  account  the  wall-blowing  effect  arising  from  propdlant  burning. 

A  series  of  analyses  have  been  carried  out  to  study  the  combustion  characteristics  of  double-base  and 
nitramine  homogeneous  propellants  in  two-dimensional  chambers.  Emphasis  is  placed  on  the  propellant 
burning  bdiavior  in  various  flow  r^imes  in  a  rodcet  motor,  including  laminar,  transitional,  and  fully 
turbulent  regions.  Speciflc  processes  investigated  indude; 

*  motor  internal  flow  development,  including  onset  of  turbulence  and  its  ensuring  growth; 

*  ddailed  flame  structure  near  the  propellant  surface,  including  effects  of  laminar  and  turbulent 
cross  flows  on  propellant  combustion  mechanisms;  and 

*  coupling  between  gas  and  condenses  phases,  including  subsurface  degradation  and  surface 
regressions  processes. 

A  parametric  study  is  also  conducted  to  investigate  the  temperature  sensitivity,  pressure  dependence,  and 
erosivity  of  propellant  combustion.  Furthermore,  correlations  for  propellant  burning  rate  are  established 
in  terms  of  local  Reynolds  numbo-,  momentum  flux  coefficient,  turbulent  kinetic  energy,  and  strand 
burning  rate.  This  information  can  be  effectively  used  in  predicting  the  performance  of  a  rocket  motor 
with  complicated  grain  configuration. 
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Figure  1.  Flame  sheet  model  calculation  of  the  temperature  (left)  and  NjO  concentration  (right)  in  a 
aVNjO  jet  diffusion  flame.  Fuel  (CH*)  is  fed  into  the  center,  and  oxidizer  (NjO)  surrounds 
the  fuel  (Ta^  2  and  3) 
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Combustion  of  Homogeneous  Propellant  in  a  Rocket  Motor 


Combustion  of  Composite  Propellant  in  a  Rocket  Motor 


I  Fuel  binder 
I  Oxidizer 

U  Treated  as  homogeneous  propellant 


Figure  4.  I^vo-dimeasional  modd  of  rocket  motor  used  to  study  propdlant  combustion  chamber  dynamics 
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SUMMARY/OVERVIEtf 

Dataraination  of  tha  ratas  and  pathways  of  tha  dacoaposition  axtd 
aarliast  axotharaic  raactions  of  solid  propellant  coaponents  is  needed  to 
define  tha  cheaistry  of  tha  surface  during  steady  and  non- steady  coabustion. 
Because  this  inforaation  has  not  bean  forthcoaing  froa  studies  when  the  flaae 
is  present,  we  have  developed  spectroscopically- instruaented,  high-rate 
theraolysis  techniques  to  siaulate  the  heating  and  teaperature  conditions  at 
the  surface  during  cMd>ustion.  Efforts  are  being  focused  on  1)  nitraaine 
(HMX,  RBX)  coabtistion,  2)  pyrolysis  cheaistry  of  non-energetic  binders,  and  3) 
pyrolysis  processes  of  high-energy,  clean-burning  oxidizers,  such  as  HNF. 

TECHNICAL  DISCUSSIW 

Tha  surface  reaction  layer,  which  includes  the  reacting  condensed  phase 
and  a  saall  portion  of  tha  near  field  gaseous  phase,  plays  a  major,  if  not  the 
dcminant,  role  in  controlling  coabustion  of  solid  rocket  propellants.  The 
pressure  and  foraulated  coaposition  influence  the  effective  thickness  of  this 
layer,  but  S-50  im  is  an  operable  working  range.  Pyrolysis  and  exothemic 
reactions  in  this  region  can  be  outlined  by  the  use  of  rapid  pyrolysis 
techniques,  such  as  T-Juap/FTIR  spectroscopy^.  A  thinly  spread,  saall  mass  of 
sample  simulates  a  "snapslrat"  view  of  the  surface  layer.  By  controlled 
heating  at  about  2000*C/sec  to  a  te^>erature  representative  of  co0d>tistion,  the 
gaseous  products  foraed  and  the  siaultaneously  measured  heat  flow  outline  the 
cheaistry. 

Three  issxies  are  targets  of  this  research  program.  First,  the  AFOSR-URI 
on  Nonstea<fy  Conibustion  has  decided  to  aodel  HMX  coabustion.  In  support  of 
this  effort,  the  relevant  surface  reaction  zone  processes  must  be  refined  as 
tightly  as  possible.  Second,  aost  oxidizer  and  aonopropellant  ingredients  are 
formulated  with  a  binder  which  pyrolyses  and  plays  an  important  role  in 
coabustion.  Conparatively  little  is  known  about  the  rates  and  products  at 
hi^  teiqMrature  and  heating  rate.  This  problem  is  being  tackled  in  this 
prograa.  Third,  the  long-term  future  includes  the  use  of  clean- burning,  high 
energy  solid  rocket  propellants.  One  such  aaterial  is  hydraziniua 
nitroforaate  (HNF).  The  cheaistry  of  rapid  theraolysis  of  HNF  is  being 
determined  in  our  laboratory  at  this  tiae.  More  detailed  discvission  of  these 
three  projects  follows. 

The  Surface  Reaction  Zone  of  HMX 

A  major  effort  has  been  devoted  to  evaluating  the  merits  of  the 
published  global  Arrhenitis  kinetics  for  thermal  decomposition  of  HMX  in  the 


gaa«ous,  liquid,  and  solid  phases^.  Poor  agraaaant  is  found  irrespective  of 
the  phase.  However,  the  existence  of  a  kinetic  coBq;>ensation  effect  was 
uncovered  (figure  1)  and  enables  virtually  all  of  these  divergent  results  to 
be  understood  tinder  a  single,  general,  cheaical  phenoaenon.  All  of  these  data 
represent  valid  rate  neasurements ,  but  each  is  affected  by  different  saaple 
characteristics  and  working  conditions.  Consequently,  there  is  no 
intrinsically  "correct"  rate  of  dec<«position  in  the  solid  or  liquid  phase. 

Amy  Ba'lnA  coabinatlon  lying  on  the  costpensation  line  is  representative  of  the 
rate  under  soae  set  of  conditions,  but,  of  course,  will  yield  a  widely 
different  rate  prediction  for  other  conditions. 

Rather  than  eaploylng  these  global  rates,  we  are  focusing  on  defining 
rates  of  specific  decooposition  and  exothemic  reactions  that  are 
experlisentally  validatable  by  T-jump/FTZR  spectroscopy^.  These  are 
decoaposltlon  of  HMX  by  two  branches- -one  to  form  CH2O  -1-  N2O,  and  the  other  to 
fom  NO2  +  HCS.  The  exothemic  reaction  being  used  involves  CH2O  NO2. 
Attempts  are  being  aade  to  refine  the  rates  of  these  reactions  and  to  scale 
then  sensibly  according  to  the  phase^. 

Fast  Decownoaitlon  of  Won-Eneryetle  Binders 

The  chealstry  of  rapid  pyrolysis  of  polyneric,  non- energetic  binders  is 
widely  acknowledged  to  be  poorly  known  and  has  a  major  influence  on  the 
cmabustion  characteristics  of  solid  propellants.  Ve  have  undertaken  a  program 
to  define  this  chemistry  in  much  greater  detail.  Initial  studies  have  begun 
by  using  T-Jusqp/FTIR  spectroscopy  on  polybutadiene  acrylic  acid  acrylonitrile 
(PBAN),  carboxyl -terminated  polybutadiene  (CTPB) ,  and  hydroxyl -terminated 
polybutadiene  (HTPB) .  All  of  these  polymers  have  the  butadiene  rubber 
backbone  in  cooHon.  The  gaseous  fragments  from  rapid  pyrolysis  are  being 
identified  and  quantified  by  FTIR  spectroscopy.  These  fragments  are  reactants 
for  the  leading  edge  of  the  diffusion  flaaw.  Figure  2  Illustrates  preliminary 
results  for  uncured  PBAN  heated  to  500*C  under  1  atm  Ar.  Two  products  (4- 
vinyl  cyclohexene  and  butadiene  monomer)  are  shown,  but  others  are  being 
identified  at  this  time.  The  rate  of  growth  of  these  products  as  a  function 
of  the  pyrolysis  temperature  will  enable  the  Arrhenius  kinetics  for 
decomposition  at  high  temperature  to  be  determined  for  input  into  models  of 
coidmstion  of  ccniposlte  propellants. 

Hew.  High-Energy.  Clean- Burning  Oxidizers 

Rapid  pyrolysis  chemistry  of  non-standard  materials  is  being  undertaken 
to  characterize  promising  energetic  materials  for  the  future.  Interest  in 
hydrazlnitim  nltrofozmate  (HNF),  [N2Hs]  {C(N02)3] ,  exists  at  the  Phillips 
Laboratory  and  at  the  European  Space  Af^ency  (ESA) .  We  are  making  progress  on 
understanding  how  HNF  decomposes  under  fast  heating  conditions.  Figure  3 
shows  that  proton  transfer  to  fora  nitrofora  [HC(N02)3]  occurs  and  that  HNF 
volatilizes  to  some  extent.  A  sharp  transition  occurs  from  conq>eting 
endothermic  sublimation  and  exother^c  decoiq>osition  below  350* C  to  strongly 
exothermic  decooposition  above  400*C.  These  results  seem  to  be  of  valiie  to 
ESA  in  deciding  the  ingredients  that  are  safe  to  formulate  with  HNF  in  test 
propellants . 

Another  conpound  of  Air  Force  interest  that  we  have  investigated  is  3- 
nitro-l,2,4-trlazol-5-one  (NTO)  which  is  an  insensitive  explosive.  NTO  and 
eleven  other  cmapounds  have  been  found  to  decompose  upon  fast  thermolysis  to 
cyclic  azine  polymers  that  are  thermally  stable  to  at  least  600- 700* C^.  Each 
of  these  coiq>oun^  is  therefore  potentially  useful  for  burn- rate  suppression 
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in  rocket  propellants.  A  rapid  screening  method  to  distinguish  promising 
compounds  from  the  test  set  has  been  devised. 


1.  T.  B.  Brill,  P.  J.  Brush,  K.  J,  James,  J.  E.  Shepherd,  and  K.  J. 
Pfeiffer,  AppI.  Spectroscopy.  46,  900  (1992). 

2.  T.  B.  Brill,  P.  E.  Gongwer  and  6.  K.  Williams,  J.  Phvs.  Chem. . 
submitted. 

3.  T.  B.  Brill,  J.  Propuls.  Power,  to  be  published. 

4.  G.  K.  Williams,  S.  F.  Palopoli  and  T.  B.  Brill,  Combust.  Flame,  in 
press . 


Fig.  1. 


The  kinetic  coepensation  plot  for  themal  decoepositon  of  RMX 


0  5  10  15  20 


Tlmo  soc 

—  Difference  Voltage  ’  -e-  Butadiene,  1601  cm>1 

-A-  4vinyl  cydohexene,  729  cm-1 

Flsare  2.  The  rate  of  fomatlon  of  two  products  of  PEAN 

heated  at  2000*C/s  to  500*C  under  1  ata  Ar.  The 
voltage  trace  shows  sll^t  exothemlclty  at  4- 5s. 


2400  2000  1600  1200  800 


Wavenumber 


Figur*  3.  IS  spactra  ot  th«  vapor  pbasa  abova  aoltan  BKF  undar  7 
ata  Ar  vhich  baa  baaa  haatad  at  2000’C/aac  to  tba 
ta^paraturaa  shown. 


11 


ABS(t)/ABS(t«18.78) 


COMBUSTION  KINETICS  OF  HEDMs  AND  METALUC  FUELS 
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High-Temperature  Reaction  Kinetics  Laboratory 
The  Isermann  Department  of  Chemical  Engineering 
Rensselaer  Polytechnic  Institute 
Troy.  NY  12180-3590 

SUMMARY 

The  use  of  new  advanced  solid  rocket  propellant  constituents,  such  as,  e.g., 
boron  as  a  HEDM  and  ammonium  nitrate  as  replacement  for  halogen-containing 
oxidants,  requires  knowledge  of  their  combustion  kinetics,  which  needs  establishing. 
To  this  end  experimental  rate  coefficient  measurements  on  individual  important  B 
and  A1  species  reactions  are  made  in  the  300-1900  K  temperature  range  in  unique 
high-temperature  reactors.  Also,  semi-empirical  theory  is  being  developed  for 
predictions  on  further  reactions.  Such  predictive  theory  existed  for  reactions  in  non- 
metallized  propellants,  but  now  for  the  rirst  time  is  being  developed  for  interactions 
involving  metallic  species. 

TECHNICAL  DISCUSSION 

Alnminum  Oxidation 

Last  year  we  discussed  that  the  AlO  +  O2  reaction  system  was  not  a  simple  one, 
but  consists  of  an  addition  reaction  with  a  negative  temperature  dependence  and  an 
abstraction  reaction  with  a  positive  one.  Preliminary  rate  data  were  presented. 
During  the  past  year  this  work  was  completed  by  taking  additional  measurement  at 
"low"  (T  SL  1010  K)  and  "high  (T  >  1200  K)  temperatures.  The  low  temperature, 
pressure-dependent,  measurements  yielded  an  accurate  rate  coefficient  expression 
for  the  addition  reaction: 

AlO  +  O2  +  Ar  — >  AIO3  +  Ar  ( 1 ) 

log[ki(300-1010  K)/(cm«molecule*2s-l)]  =  -24.7-1.941og(T/K) 

This  rate  coefficient  expression  was  in  turn  used  to  ascertain  that  this  reaction  has  a 
negligible  influence  under  the  conditions  where  the  abstraction  reaction,  of  greater 
rocket  combustion  importance,  was  to  be  measured.  The  high-temperature 
measurements  yielded  for  that  reaction: 

A10  +  02->A102  +  0  (2) 

k2(1200-1700  K)  =  8.1xl0-l0exp(-10065  K/T)  cm3molecule-ls*i 

No  measurements  between  1010  and  1200  K  were  used,  because  the  competition 
between  the  two  processes  yields  less  accurate  results  for  either. 
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A  publication'  on  this  work  is  being  prepared.  The  net  effect  of  the  competition 
in  terms  of  rocket  combustion  is  that  the  total  AlO  consumption  rate  coefficients,  i.e. 
the  sums  of  ki(T)  and  k2(T),  pass  through  a  minimum  at  about  1000  K  at  pressures 
below  about  an  atmosphere,  as  illustrated  in  Fig.  1. 

Boron  Oxidation 

For  the  above  measurements  at  300  K  a  new  technique  for  AlO  production  was 
developed.  At  higher  temperatures  it  yielded  results  inttistinguishable  from  those 
obtained  by  our  standard  evaporative  technique,!  which  can  not  be  used  for  reaction 
temperatures  below  about  500  K.  This  new  technique,  passing  trimethyl-aluminum 
in  argon  containing  1-10  ppm  O2  through  a  microwave  discharge,  also  suggested 
similar  approaches  for  the  production  of  BO  and  BO2.  For  example,  we  have  found 
that  passing  mixtures  of  B2H6,  NO,  and  N2  in  Ar  through  such  a  discharge  results  in 
readily  measurable  constant  BO  signals.  We  are  further  exploring  various 
combinations  of  reactants  prior  to  studying  BO  and  BO2  reactions. 

Predicting  Temperature-Dependent  Rate  Coefficients 

Our  semi-empirical  theoretical  efforts  at  predicting  rate  coefficients  have 
followed  two  complementary  paths.  In  one,  the  pre-exponential  pan  of  temperature 
dependent  rate  coefficients  k(T)  is  predicted.^*^  Experiments  will,  in  general,  lead  to 
expressions  of  the  form 

k(T)  =  AT“exp(-E/RT)  (3), 

where  A  and  n  are  constants,  E  is  the  reaction  energy  barrier  and  R  is  the  gas 
constant.  Transition-state  theory  allows  k(T)  to  be  expressed  in  the  form 

where  ks  and  h  are,  respectively,  the  Boltzmann  and  Planck  constants,  and  qAB  and 
qCD  tne  the  partition  functions  of  the  reactants.  and  AE^  are,  respectively,  the 
partition  function  of  the  transition  state  and  its  energy  above  the  reactant  ground 
states,  both  of  which  are  unknown.  By  using  simple  ab  initio  methods  for  estimating 
q**,  and  equating  eqs.  (3)  and  (4)  at  one  temperature,  AE^  can  be  found.  Hence,  eq.  (4) 
can,  in  principle,  be  used  to  predict  k(T)  expressions  from  one  measurement  at  one 
temperature.  To  test  this  prediction,  we  chose  a  mid-temperature  value  of  the 
experimental  range  and  found  that  for  reactions  of  the  nature 

AB  +  CD-+ABC  +  D  (5) 

the  predicted  In  k(T)  versus  T*!  plots  well  reproduced  the  experimental  results,  cf. 
Fig.  2.  This  effort  will  now  be  expanded  to  other  reactants,  particularly  reactions  of 
A1  and  B  oxides.  t 

The  otha  effort  is  aimed  at  predicting  E  of  eq.  (3)  for  individual  reactions.  We 
previously  observed^*^^  that  for  reactions  of  similar  metal  atoms  with  N2O  or  O2,  E 
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correlates  with'  the  sum  of  the  ionization  potentials  IP  and  s-p  promotion  (excitation) 
energies  PE.  The  basis  for  this  observation  is  that,  for  such  "homologous  reactions",  E 
can  be  calculated  directly  by  simple  resonance  theory  once  a  value  for  a  single 
member  of  a  series  has  been  determined.  The  met^  atoms  we  showed  this  for  were 
those  with  one  and  two  valence  s  electrons,  respectively.  Using  HTFFR  measurements 
on  the  A1  -I-  N2O  reactions  as  input,  we  have  now  extended  this  treatment  to  atoms 
with  the  s^p  structure,  i.e.  Al,  B,  and  further  group  13  metal  atoms.  Fig.  3.  A  paper 
describing  the  measurements  and  the  further  theoretical  development  is  in  an 
advanced  stage  of  preparation. 

Together  these  semi-empirical  procedures  make  it  possible  to  provide  reliable 
estimates  of  the  temperature  dependence  of  rate  coefficients  of  more  reactions  than 
can  be  measured  experimentally  within  reasonable  periods  of  time. 
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SUMMARY: 

Fully  computational  methods  are  employed  to  study  unsteady,  nonlinear  vortidty  generation 
and  evolution  by  an  acoustic  wave  interaction  with  a  sidewall  injected  flow  in  a  cylindrical  tube, 
that  mimics  the  solid  propellant  surface  burning  in  a  rocket  engine.  The  steady  flow  field,  sus¬ 
tained  by  sidewall  iiyection,  is  disturbed  at  the  exit  plane  by  a  sinusoidally  fluctuating  planar 
pressure  variation.  The  unsteady  rotational  coxx^onent  of  the  velocity  field  is  extracted  from  the 
numerical  solutions.  It  is  shown  explicitly  that  unsteady  vortidty  generated  at  the  injecting  wall 
is  convected  away  from  the  wall  towards  the  mainly  invisdd  core  flow  by  the  mean  radial  velodty 
field.  Eventually,  unsteady  vortidty  fills  the  entire  chamber  unlike  that  confined  into  traditional 
acoustic  thin  viscous  layers  adjacent  to  the  sidewaR.  The  presence  of  rotational  flow  features  im¬ 
ply  that  traditional  acoustic  balance  theories,  used  widely  to  predict  solid  rocket  engitu*  chamber 
stability,  must  be  reevaluated. 

AUTHORS:  David  R.  Kassoy,  Kadxr  Kirkkopru,  and  Qing  Zhao 

TECHNICAL  DISCUSSION 

Transient  flow  dynamics  in  a  solid  rocket  engine  chamber  are  strongly  coupled  to  propellant 
combustion  processes  and  related  directly  to  overall  rocket  motor  stability.  The  combustion  of 
solid  propellant  generates  gaseous  products  that  induce  a  low  Mach  number  {Maxiai  =  O(10~^  - 
10~^)),  large  Re  number  {Re  =  0(10^  —  10^))  internal  shear  flow  in  a  l(»ig,  xiarrow  rocket  engine 
chamber. 

In  this  study,  two  dimexisional,  axis3rxnmetric  Navier-Stokes  equations  are  solved  numerically 
by  utilizing  the  MacCormack  explidt,  predictor-corrector  scheme.  Sidewall  mass  addition  is 
used  to  simulate  the  gasification  of  the  burning  solid  propellant  surface.  Initially,  a  steady,  low 
Mach  number,  large  Re  number,  rotational  flow  exists  in  a  long,  narrow  cylinder  of  an  aspect 
ratio  (length  to  radius)  6  =  20.  The  steady  flow  is  disturbed  at  the  exit  plane  by  imposing 
a  sinusoidally  fluctuating  coxxq>onent  with  frequency  u  on  the  staitic  pressure.  Amplitudes  of 
the  oscillatory  pressure  disturbances  (A)  are  chosen  atccordingly  for  different  axial  flow  Mach 
numbers  so  that  nonlinear  processes  affect  the  evolution  of  the  unsteady  flow  field,  an  explidt 
result  extracted  from  analytical  studies  by  Zhao  and  Kassoy  (1994)  and  Zhao  et  al.  (1994).  In 
this  work  rational  perturbation  methods  are  used  to  show  that  there  are  two  disparate  length 
scales  for  rotational  effects;  the  tube  radius  and  an  0{M)  smaller  length  where  significant  locsd 
velodty  variations  are  present.  Information  about  the  existence  of  two  disparate  length  scales 
and  their  relationship  to  Mach  number  enables  us  to  choose  grid  size  and  spatial  distribution  in 
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order  to  describe  flow  dynamics  accurately. 

The  primary  objective  of  the  present  study  is  to  compute  unsteady  vorticity  production  and 
evolution  in  a  cylindrical  model  of  a  rocket  engine  chamber.  Unsteady  flows  arising  from  the  exit 
plane  planar  pressure  disturbances  are  computed  for  different  axial  flow  Mach  numbers  (M  = 
0.1,0.05&0.02)  and  for  different  angular  frequencies  (u  =  1, 1.5&2.5). 

Following  a  procedure  used  in  Zhao  et  al.  (1994),  the  total  unsteady  axial  flow  speed  is  divided 
into  three  parts 

tt(* ,  r,  t)  =  tts(x,  r)  +  up(x,  t)  +  ur(*,  r,  t) 

where  us  denotes  the  steady  flow  field  which  is  known  as  an  initial  condition  for  the  unsteady 
computations  and  up  represents  the  irrotational,  planar  flow  which  can  be  computed  as  the 
difference  between  the  unsteady  axial  speed  and  the  steauly  axial  speed  on  the  centerline  of  the 
tube.  The  remaining  part  uv  is  defined  as  the  vortical  (rotational,  nonplanar)  component  which 
vanishes  at  the  centerline  at  all  times.  It  is  tised  to  describe  the  generation  and  evolution  of  the 
nonlinear  imsteady  vorticity  field  in  the  cylinder. 

Figure  1  shows  the  radial  variation  of  the  unsteady  axial  vortical  speed  at  midchamber(r  =  0.5) 
at  three  time  values  after  the  planar  pressure  disturbance  is  initiated  at  the  exit  plane.  The  flow 
parameters  are  M  =  0.1  and  Re  =  3.10^.  The  wall  is  located  at  r  =  1  and  the  centerline  at  r  =  0. 
The  corresponding  injection  Mach  nvunber  Mi  =  M/8  =  0.005. The  disturbance  frequency  is 
u  =  1.0,  a  non-resonant  frequency  smaller  than  the  first  natural  frequency  of  the  tube,  u>i  =  v/2. 
One  observes  a  strong  velocity  gradient  extending  out  about  0.15  units  from  the  wall  at  t  =  1.48 
(solid  line).  This  is  the  exact  radial  distance  traiwUed  by  the  injected  fluid  during  the  time  interval 
t  =  1.48.  The  unsteady  vortical  axial  velocity  field  extends  out  to  0.85  units  from  the  injecting 
wall  when  t  =  11.81.  At  time  t  =  29.37  unstesuiy  rotational  flow  fills  the  entire  chamber. 

The  spatial  distribution  of  uv  at  each  time  may  be  explained  in  physical  terms  by  considering 
an  interaction  between  the  steady  iigected  flow  field  and  the  propagating  planar  acoustic  distur¬ 
bances.  The  motion  of  a  fluid  particle  injected  radially  into  the  tube  from  the  upper  sidewall  at  a 
specified  location  is  affected  by  the  harmonic  variation  of  the  axial  pressure  gradient.  As  a  result, 
a  given  fluid  particle  emanating  from  the  wall  will  be  accelerated  alternately  in  the  positive  and 
negative  axial  directions  as  it  is  convected  toward  the  axis  of  the  cylinder  by  the  steady  radial 
flow  field.  Part  of  the  fluid  particle  response  is  associated  with  irrotational  acoustic  effects.  The 
rest  is  rotational,  resulting  from  vorticity  generation  at  the  wall. 

Figure  2  shows  the  spatial  oscillation  of  the  vortical  axial  velocity  at  midchamber  with  respect 
to  the  radius  when  t  =  1.488, 11.834  and  29.54  for  a  smaller  M  =  0.05  and  for  a  larger  Re  =  3.10^. 
The  forcing  frequency  u;  =  1.0  is  the  same  as  for  the  previous  case.  The  sharply  defined  region  of 
large  vdodty  gradient  is  seen  in  Fig.  2  at  0.07  units  from  the  wall  at  t  =  1.488.  One  notes  that 
at  t  =  11.834  the  wavelength  of  the  spatial  osdllation  of  uy  is  smaller  thatn  that  for  the  case 
M  =  0.1.  This  is  an  expected  result  because  the  mean  radial  velocity  field  for  M  =  0.05,  which 
transports  the  fluid  particles  into  the  cylinder,  is  characterized  by  a  relatively  lower  speed  than 
that  for  the  M  =  0.1  case.  At  t  =  29.54  one  notes  spatial  oscillations  throughout  the  cylinder. 
It  is  also  observed  that  the  wavelength  of  the  oscillatory  structure  decreases  as  the  centerline  is 
approached.  This  occurs  basically  because  the  mean  radial  flow  speed  vanishes  as  the  centerline 
is  approached. 

The  third  case  studied  is  for  a  smaller  mean  axial  flow  Mach  number  M  =  0.02,  Reynolds 
number  Re  =  3.10^  and  the  forcing  frequency  v  =  1.0.  Figure  3  shows  the  uy  variation  with 
respect  to  radius  at  a  =  0.5  when  t  =  3.00, 15.00  and  30.00.  It  can  be  seen  from  this  figure  that 
axial  velocity  gradients  are  larger  than  those  for  larger  Mach  number  cases  presented  previously. 
This  implies  that  the  absolute  magnitude  of  the  unsteady  vorticity  generated  at  the  wall  is  much 
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larger  than  that  of  the  higher  Mach  number  flows.  This  unsteady  vorticity  field  is  convected 
away  from  the  wall  towards  the  center  of  the  chamber  by  a  relatively  slower  steady  radial  flow 
con^onent. 

The  radial  variation  of  unsteady  vorticity  at  z  =  0.5  for  three  cases,  M  =  0.1,0.05  and  0.02 
is  shown  in  Figs.4a-c.  Corresponding  times  are  t  =  29.37, 29.54  and  30.00,  respectively.  It  is  seen 
firom  these  figures  that  the  magnitude  of  the  unsteady  vorticity  increases  with  mean  flow  Mach 
number,  implying  the  lower  the  M  the  larger  the  transient  shear  stress  on  the  cylinder  surface. 
One  can  speculate  that  these  transient  shear  stresses  will  impact  the  burning  rate  of  an  actual 
propellant  which  is  the  source  of  the  "injected”  fluid  used  in  the  present  model.  An  acconq>an3ru^ 
plot,  Fig.  4>d,  shows  the  variation  of  the  unsteady  vorticity  throu^ont  the  cylindrical  chamber 
f<n  the  M  =  0.02  case  at  t  =  30.00. 

Figure  5  describes  the  effects  of  forcing  frequency  on  the  oscillatory  spatial  structure  of  the 
vortical  axial  speed  at  times  closer  to  t  =  17.5  for  the  M  =  0.1  case.  The  chosen  firequendes 
are  u  =  1.0,  <•>  =  1.5(a  near-resonant  case)  and  u  =  2.5.  It  can  be  seen  from  this  plot  that  the 
wavelength  of  the  oscillatory  spatial  structure  decreases  when  ta  increases.  It  is  also  noted  that 
the  local  spatial  gradients  of  vortical  velodty  increase  for  larger  u  *s. 

There  is  now  a  ccmsiderable  body  of  evidence  supporting  the  existence  of  an  unsteady  vortidty 
distribution  in  a  solid  rocket  en(^e  chamber.  Therefore,  the  presence  of  vortidty  in  the  chamber 
must  be  accounted  for  in  an  accurate  and  reliable  theory  of  engine  stability. 
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SUMMARY/OVERVIEW; 

The  present  research  is  directed  towards  obtaining  a  fundamental  physical  understanding  of 
the  interaction  between  the  mean  flow  and  acoustic  disturbances  in  solid  propellant  rocket  mo¬ 
tors.  An  important  objective  of  this  research  is  the  identification  of  acoustic  mode  forms  from 
the  results  of  direct  numerical  simulation.  To  date,  acoustic  traveling  wave-shear  flow  interaction 
in  a  2-D  channel  has  been  simulated.  Phenomena  that  have  been  studied  include  acoustic  refrac¬ 
tion,  disturbance  amplification  and  attenuation,  and  the  phase  relationships  that  exist  between 
lower  and  higher  order  acoustic  modes.  Current  effort  is  being  directed  toward  simulating  the 
combustion  response  of  a  nonpremixed  flame  to  acoustic  excitation. 

AUTHORS:  Siming  Mu,  Stephen  Hevert  and  Shankar  Mahalingam 

TECHNICAL  DISCUSSION 

An  imbalance  between  energy  amplification  and  damping  mechanisms  dictates  whether  a 
combustion-driven  acoustic  instability  is  sustained  or  weakened  in  a  solid  propellant  rocket  motor. 
The  relative  importance  of  these  mechanisms  is  strongly  dependent  on  the  oscillation  mode  and 
type  of  propellant.  Furthermore,  due  to  the  wave-structure  of  the  acoustic  field,  its  phase  relative 
to  processes  contributing  to  amplification/damping  is  extremely  critical  to  the  outcome  of  the 
interaction.  The  focus  of  this  research  is  on  the  mechanisms  of  energy  exchange  between  the  mean 
and  acoustic  flow  and  amongst  various  modes  of  the  acoustic  flow.  A  fundamental  understanding 
of  these  processes  is  essential  in  ultimately  obtaining  a  global  understanding  of  the  overall  problem 
of  acoustically-driven  combustion  instability. 

Our- approach  is  to  perform  direct  numerical  simulations  of  several  model  configurations, 
using  higher-order  accurate  finite  differencing  schemes.  Boundary  conditions  are  treated  using 
characteristic-based  conditions  developed  for  the  Navier-Stokes  equations  by  Poinsot  and  Lele 
(1992).  The  models  have  been  carefully  chosmi  to  complement  Wang  and  Kassoy’s  (1992)  analyt¬ 
ical  results,  and  Baum  and  Levine’s  (1987)  and  Vuillot  and  Avalon’s  (1991)  numerical  simulations. 
Our  results  have  enabled  ns  to  isolate  different  phyucal  phenomena  and  thus  evaluate  cause  and 
effect  relaltionships  between  the  mean  flow  and  the  acoustics. 

To  date,  acoustic  travding  wave-shear  flow  interaction  in  a  2-D  channel  has  been  simulated  on 
a  Cray-c90  supercomputer.  The  results  have  been  compared  with  the  analytical  solution  by  Wang 
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and  Kassoy  (1^92),  and  with  numerical  results  by  Baum  and  Levine  (1987).  Our  analysis  differs 
from  previously  published  numerical  work  in  that  the  current  computation  is  able  to  capture  the 
long  time  acoustic  response.  Parameters  include  a  duct  aspect  ratio  of  5,  a  centerline  Mach  number 
of  0.08,  and  an  acoustic  Reynolds  number  of  4000  based  on  the  duct  height.  The  simulation  uses 
an  81  X  81  computational  grid.  Resolution  in  the  transverse  direction  was  doubled  to  verify  that 
the  solution  is  grid  independent. 

Our  results  have  shown  good  qualitative  and  quantitive  agreement  with  those  by  Wang  and 
Kassoy  (1992).  Several  interesting  features  associated  with  this  problem  have  been  observed. 
First,  axially  travelling  plane  waves  can  generate  transverse  waves  trapped  in  between  the  upper 
and  lower  boundaries  of  the  domain.  Second,  above  a  certain  disturbance  frequency,  oblique  waves 
can  be  generated.  The  interaction  between  oblique  waves  and  axially  traveling  waves  results 
in  variation  of  amplitudes  of  acoustic  pressure  and  velocity.  Hence,  our  numerical  simulation 
validates  the  linear  perturbation  analysis  of  the  flow  field  in  a  solid  rocket  motor. 

Other  interesting  features  have  also  been  noted.  Amplified  oblique  waves  due  to  resonant 
disturbances  are  observed  for  the  first  time.  The  rate  of  amplification  of  these  oblique  waves 
is  much  higher  than  that  of  the  axially  traveling  waves.  Also,  the  oblique  and  axial  waves  are 
180  deg  out  of  phase.  At  certain  locations  of  the  domain,  this  strong  oblique  wave  interacts  with 
the  axial  waves,  causing  a  dramatic  change  in  both  wave  amplitude  and  phase  (Figure  la).  The 
initial  increase  in  amplitude  is  due  to  the  resonant  amplification  of  the  axial  wave.  Then  the 
amplitude  starts  to  decrease  to  zero  due  to  the  arrival  of  oblique  waves,  which  have  an  opposing 
phase.  Finally,  the  amplitude  increases  again  as  the  obUque  waves  dominate  over  the  axial  waves. 
The  wave  phase  at  this  location  is  changed  by  180  deg.  Since  the  oblique  waves  can  propagate 
only  along  a  fixed  path,  at  those  locations  where  oblique  waves  do  not  pass  through,  the  axial 
wave  structure  remains  unaffected  (Figure  lb).  The  traveling  path  of  the  oblique  wave  can  be 
best  identified  by  examing  the  pressure  contour  (Figure  2).  The  arrows  indicate  the  direction  and 
location  where  the  locally  largest  pressure  gradient  occurs.  Thus  they  are  also  the  path  along 
which  oblique  waves  travel. 

For  resonant  disturbances  with  several  transverse  spatial  modes,  the  growth  rate  varies  sig¬ 
nificantly  for  different  modes.  It  has  been  observed  that  the  amplitude  growth  of  the  first  mode 
exceeds  that  of  all  other  modes,  while  amplitudes  of  all  modes  are  observed  to  grow  (Figure  3). 
This  feature  suggests  that  acoustic  energy  is  redistributed  among  all  spatial  modes,  with  the  most 
significant  transfer  between  the  zeroth  mode  and  the  first  mode. 

Acoustic  boundary  layer  is  another  important  feature  of  this  problem.  It  is  a  very  thin  area 
along  the  duct  wall  where  an  overshoot  of  acoustic  velocity  occur  whenever  the  aicoustic  velocity 
in  the  core  changes  sign,  tins  feature  is  also  known  as  Richarson’s  annular  effect.  Our  numerical 
simulation  resolved  the  acoustic  boundary  layer  very  well  (Figure  4).  The  thickness  estimated 
through  our  simulation  is  between  5  to  5.5  percent  of  the  duct  width,  compared  to  theorectical 
prediction  of  5.9  percent. 

We  are  currently  simulating  a  2-D  nonpremixed  flame  centered  between  the  walls  of  a  narrow 
horizontal  duct  with  open  ends.  Single-step,  finite  rate  chexnistry  is  assumed,  with  the  unmixed 
reactants  diffusing  into  the  flame  zone  from  opposite  walls  of  the  channel.  Eventually  one  end 
of  the  channel  will  be  closed,  and  acoustic  perturbations  imposed  on  the  flow  field.  This  is  the 
first  step  toward  modelling  the  effects  of  aojustics  on  the  combustion  response  of  a  nonpremixed 
flame  confined  near  the  surface  of  a  burning  solid  propellant.  In  the  future,  this  analysis  will  be 
extended  to  simulate  the  response  of  a  premixed  flame  adjacent  to  the  burning  propellant. 
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Figure  1.  Acoustic  pressure  time  history  at  i  =  0.6  and  (a)  centerline  (b)  wall,  under  resonant 
condition.  Note  x  is  scaled  by  the  duct  length,  and  time  by  the  duct  length  and 
reference  speed  of  sound. 
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condition 
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Summary/Overview 

The  objective  of  this  research  is  to  investigate  active  control  of  detrimental  combusticm 
instabilities  in  chemical  rockets  by  a  periodic  confeustion  process.  These  efforts  resulted  in  the 
devdoimient  of  an  active  ccmtiol  tq>proach  consisting  of  a  sensor  (te.,  apressuie  transducer),  an 
observer  that  determines  the  characteristics  of  the  instability  in  r^  time,  a  controller  that 
incotporates  appropriate  phase  shifts  anu  amplitucfe  gains  into  each  of  the  identified  (by  the 
observer)  combustor  modes  and  sends  the  resulting  signal  to  an  actuator  consisting  of  a  fuel 
injector  with  c^abilities  for  modulating  tiie  injection  rate  of  a  seccmdaiy  fuel  stream  into  the 
cemobustor.  This  control  system  is  designed  to  poduce  an  oscillatory  combustiem  process  within 
tiie  combustor  that  is  out  of  phase  with  the  combustor  pressure  oscillations,  resulting  in  their 
attenuation.  In  a  parallel  effort,  the  development  of  an  aq)erimental  gas  rocket  setup  thitt  will  be 
used  to  investigate  the  effectiveness  of  the  developed  active  otmtrol  system  is  nearing  co^letion. 
The  results  of  this  program  will  lead  to  the  development  of  a  robust  active  controller  suitable  for 
stabUizing  a  variety  of  unstable  rocket  motors  and  propulsion  systems. 

Technical  Discussion 

(Combustion  instabilities  are  generally  dri^ten  by  a  periodic  combustion  pocess  whose 
(»cillations  are  in  phase  with  the  coowustor  pressure  oscillatirai^  in  accordance  with  Rayleigh's 
criterioiL  The  operation  of  a  rocket  motor  becomes  unstable  if  the  driving  provided  by  the 
combustion  process  is  larger  than  tiie  damping  inherently  present  within  the  system  due  m,  for 
exanqile,  viscous  dissipation  and  nozde  daunting.  The  procetees  re^onsible  for  tiie  establishment 
of  a  periodic  combustitni  process  goierally  involve  ctx^lex  interactions  between  the  combustitm 
proc^  and  acoustic  oscillations  in  tiie  combustor  that  depend  upon  the  rocket  motor  design  and 
oper^ng  conditions.  Due  to  their  detrimental  effects,  there  is  a  need  for  dqiendable  engineering 
solutions  that  could  be  errqiloyed  to  stabilize  rocket  motens  and  propulrion  system. 

Recent  progress  in  electronics,  computers,  sensors  and  actuators  has  suggested  that 
practical  active  control  systems  capable  of  darling  detrimental  combustion  instabilities  in  rocket 
motrars  could  be  develtqii^  Such  a  craitrol  system  generally  consists  of  a  sensor  that  monitors  the 
rodeet  motor  performance,  a  controller  that  analyzes  the  sensor's  output  and  uses  it  to  generate  a 
signal  that  drives  an  actuator  that  modifies  the  system's  performance.  The  development  of  such  an 
active  contrd  system  and  an  understanding  df  the  fund^entai  processes  that  govern  its  operation 
are  tite  objectives  of  this  investigation. 
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Rayleigh's  criterion  indicates  that  acoustic  oscillations  are  driven  or  suppr^sed  when  heat 
is  in  phase  or  out  of  phase  with  the  pressure  oscillations,  respectively.  This  sugars  diat 
combusticm  instat^ty  oscillations  could  be  suppressed  if  effective  means  for  generating  heat 
af^tion  oscillations  that  are  out  of  phase  with  the  combustor  pressure  oscillaticms  could  be 
develOTed.  Active  ccmtrol  of  oxnbustitm  instabilities  investigated  to  date^  utilized  a  time  domain 
control  approach  and  focused  on  the  daiiq>ing  of  combustion  instabilities  consisting  of  the 
fiindanaentu  Imigitudinal  noode  or,  at  most,  a  cmnlnnation  of  low  frequency  Imigitudinal  modes. 
Moreover,  the  appUcation  ai  these  medtods  required  apriori  knowledge  of  die  characteristics  of  the 
unstable  modes,  m  reality,  the  characteristics  of  the  excited  instability  are  not  known,  however,  in 
advance.  Furthermore,  the  characteristics  of  Ae  instability  (e.g.,  its  modal  content)  often  change 
with  time  in  response  to  changes  in,  for  example,  ptopelUuit  surface  diameter  in  a  solid  rocket  or 
motor  operating  conditions. 

A  new  approach  for  active  control  of  rocket  motor  combustion  instabilities  that  ovenxxnes 
the  limitations  or  previous  active  control  systems  has  been  developed  under  this  progranL  The 
developed  system  consists  of  a  sensOT  (a  pressure  transducer)  that  monitors  the  perfcmnance  of  the 
combustor,  an  observer  that  analyzes  me  sensor's  ouq>ut  and  determines  the  frequencies  and 
amplitudes  of  the  excited  combustor  oscillations  in  real  time  and  a  "controller"  thu  introduces 
aipopriate  phase  shifts  and  arrqilitude  gains  into  die  data  provided  by  die  observer  prim*  to  sliding 
it  to  an  actuator  that  controls  the  operation  of  a  periodic  fuel  injection  system.  The  novd 
components  of  this  systems  are  its  observer  and  "controller"  whose  tasks  are  to  identify  the 
characteristics  of  die  instabili^  in  real  time  and  provide  tee  necessary  phase  shifts  and  |ains  to  die 
oscillating  cmnbustor  modes,  respectively.  The  "controller's"  output  is  then  used  to  dnve  a  novel 
actuator  whose  task  is  to  pr^uce  an  oscillatory  fuel  injection  rate  into  the  combustor  that  will 
produce  combustion  process  heat  release  oscillations  that  are  out  of  phase  with  the  excited 
combustor  oscillations. 

The  performance  of  the  developed  active  control  method  were  initially,  investigated 
theoretically  assuming  that  the  flow  in  the  combustor  is  described  by  the  one  dimensional, 
nonlinear,  Euler  equations.  The  driving  of  the  instability  by  die  cmnbustion  process  was  modeled 
by  means  of  a  smqile  linear  feedback  between  the  pressure  and  combustion  heat  addition 
oscillations.  The  ccmibustor  model  was  "equipped"  with  the  developed  active  control  system  and 
used  to  investigate  the  its  effectiveness.  Numerical  simulations  showed  that  the  devel(^>ed  active 
control  system  can  damp  a  variety  of  instabilities  including,  for  example,  oscillations  with 
anqilitude  as  large  as  25%  of  the  mean  pressure  in  die  ctxnbustOT,  which  were  danqied  out  within  a 
few  milliseconds  d  "engaging"  the  cmtrollei^ 

Continued  theoretical  studies  led  to  die  development  of  a  more  advanced  numerical  scheme 
for  the  unsteady  reacting  flow  equations  in  unstable  rocket  motors.  It  contains  a  new  qiproadi  for 
proper  numeric^  rqae^taticm  of  the  boundaiy  ctxiditions  at  the  injector  face  and  nozrie  entrance. 
Since  the  flow  in  die  investigated  ccxnbustor  is  (Hie  dimensional,  a  mixing  model  that  can  be 
inccxporated  into  a  one  dimensional  combusticHi  model  was  develcqied.  It  accounts  for  the  mixing 
of  the  fuel  and  air  as  well  as  the  mixing  of  hot  combustion  products  with  the  reactants.  Finally,  a 
C(mibusti(Hi  heat  release  oKidel  diat  is  bas«l  upon  the  A^enius  law  is  used  to  determine  the 
reacti(»  rate  of  tte  mixed  reactants. 

An  inqxstant  part  of  this  research  program  is  the  develojHxient  of  an  experimental  setup  that 
will  be  used  to  investigate  the  develtqped  active  control  system.  A  block  diagnun  of  the  laboratory 
setup  is  shown  in  Hg.  1.  The  active  control  system  uses  a  piezoelecoic  pressure  nansducer  to 
"sense"  die  (xxnbustor  pressure  oscillations.  The  measured  pressure  signal  is  fed  to  a  Digital 
Signal  Processor  (DSP)  TX320C40  DSP  via  an  analog  input  boixd.  The  digital  control  signal  diat 


^  Gutmaric.  E.,  Wilson.  K.  J..  Parr.  T.  P.  and  Schadow,  K.  C,  Feedback  Control  of  Multi-Mode  Ccrnibostioa 
Instability,  AIAA  Paper  92-0778, 30tb  Aeroq)ace  Sciences  Jan.  1992,  Reno,  Nevada. 

^  Neumeier  Y.  and  Zinn  B.  T..  "Active  Control  of  Ctnnbustion  Instabilities  Using  Real  Hme  Identification  of 
Unstable  Combusttx  Modes.  Paper  in  prqaration. 
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is  generated  by  the  DSP  is  converted  into  an  analog  signal  and  fed  to  the  actuator.  The  host 
ccxi^uter  will  accoaunodate  an  as  yet  to  be  develop^  algorithm  that  will  determine  the  c^timal 
gain  and  phase  shift  for  Ae  controller  mi  die  DSP.  *rhe  DSP  and  the  lO  interface  are  integrt^  on 
a  single  DATA  TRANSLATION  3801-G  board  that  is  installed  in  a  host  IBM  PC  personal 
computtr. 


Figure  1:  A  Schemadc  of  the  active  control  system 

The  experimental  gas  rocket  developed  undm’  this  {rogram  is  shown  in  Fig.  2.  It  cmisists 
of  a  reactants  feed  system,  a  combustor  section  with  windows  for  obsmvations  and  optical 
diagnostics,  a  nozzle  and  an  exhaust  system.  To  provide  needed  cooling,  the  combustor  is 
submnsed  in  a  tank  with  running  water.  Also,  the  combustor  length  can  be  changed  by  adding  or 
subtracting  sections  having  the  same  diameter,  which  will  provide  capabilities  for  exciting 
instabilities  widi  different  fr^uencies.  Since  this  combustor  has  a  large  length  to  diameter  ratio,  it 
is  m^ected  that  axial  mode  instabilities  witii  high  and  low  frequencies  will  be  excited  in  die  ^stem 
when  short  and  long  combustor  lengths  wiU  be  tested,  res^tively.  This  will  provide  an 
qppartunity  to  investigate  the  effectiveness  of  the  develop^  active  control  system  in  the  dpqiing 
of  low  and  high  frequency  instabilities.  The  active  control  of  high  frequency  instabilities  will 
determine  the  frequency  limt  of  die  devdoped  cmitrol  system. 


EXHAUST  VENT 


Hgure  2:  A  schematic  of  die  developed  gas  roctet  semp 
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The  developed  gas  rocket  propellants  feed  system  is  shown  in  Fig.  3.  It  consists  of  one 
oxidizer  Cue.,  air)  injector  and  two  fuel  injectors.  The  primary  and  secondary  fuel  injectors  supply 
die  combustor  with  specified  steady  and  oscillatory  fiMl  flow  rates,  respectively.  The  secondary 
fuel  flow  rate  is  modulated  by  use  of  a  recently  developed  "magMtostrictive"  actuator^.  It 
oscillatBS  a  traered  needle  up  and  down,  producing  a  periodic  blockage  of  a  cross  sectional  area  of 
a  seccmdary  mel  orifice.  The  oxidizer  a^  fuel  streams  are  injected  at  approximately  45  degie^ 
an^e  and  axially,  respectively,  into  a  small  volume  upstream  of  the  injector  plate  where  di^  mix 
inior  to  entering  the  ccmibostor  through  the  injector  plate  orifices.  The  angles  and  dimensirois  of 
die  orifices  in  die  injector  plate  have  bMn  chosen  to  generate  recirculation  zones  downstream  of  the 
injector  {date  where  the  combustion  process  will  be  stabilized.  In  this  feed  system  design,  the  main 
fii^  flow  rate  is  controlled  by  the  size  of  the  upstream  orifice  while  the  secondary  fuel  flow  rate  is 
regukted  by  the  "mean"  position  of  die  oscillating  actuator  needle.  The  oscillatoo'  needle  motion  is 
controlled  by  an  "Etrema"  actuator  consisting  of  a  Terfenol-D  tod  that  changes  its  loigth  in 
respcmse  to  changes  in  magnetic  field  intensity.  This  recently  developed  actuamr  is  cspable  of 
providing  relatively  large  displacement  (e.g.,  ICX)  {im)  in  a  very  short  response  time  (e.g.,  .2 
msec.) 


Hgure  3:  A  schematic  of  the  developed  air  and  fuel  feed  system 


^  Savage,  H.  T.,  Qaik,  A.  E.  and  Powers,  J.  M.,  M^etomechanical  Coupling  and  AE  Effea  in  Highly 
Magnetosliictive  Rare  Eaitb*Fe2  Compounds,  IEEE  Transactions  tm  Magnetics,  VoL  Mag-11,  No.  S,  Sqp.  1975. 
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Summary/ Overview 

The  objective  of  this  research  is  to  improve  understanding  of  the  mechanisms  by  which  flow,  mixing 
and  combustion  process  are  coupled  to  acoustic  Adds  in  liquid-propellant  rocket  motors.  Particular 
attention  has  been  focused  on  analyses  of  ampliflcation  mechanisms  coupled  with  flnite-rate  chem¬ 
ical  reactions  by  use  of  activation-energy  asymptotics  and  other  asymptotic  methods.  la  addition, 
a  simplified  calculation  method  of  the  acoustic  dgenmodes  with  spatial  variations  of  the  density 
and  sound  speed  was  developed. 

Technical  Discussion 

The  following  discussion  concerns  the  two  advances  indicated  above.  Future  works  will  apply  similar 
methods  to  different  types  of  flamelets  and  to  different  types  of  motor-geometry  nonhomogeneities. 
In  particular,  droplet  combustion,  with  or  without  forced  convection  and  supercriticality,  will  be 
considered. 

Amplification  Mechanisms  Coupled  with  Finite-Rate  Chemistry 

Many  different  processes  are  responsible  for  amplification  of  acoustic  oscillations  in  liquid-propellant 
rockets,  and  asymptotic  analyses  of  these  processes  can  help  in  assessing  combustion  instabihties. 
It  is  the  intent  of  the  present  investigation  to  analyze  a  number  of  these  processes.  One  such  process 
is  the  strained  planar  diffusion  flame  considered  here  [1, 2].  Some  of  the  results  on  acoustic  pressure 
response  of  this  type  of  flame  were  reported  last  year,  and  more  detailed  and  extended  results  will 
be  available  as  a  publication.  The  analysis  is  extended  to  acoustic  vdocity  response  in  order  to 
complement  the  analysis  of  the  acoustic  pressure  response. 

Previous  studies  of  diffusion-flame  response  postulated  infinite  chemical  reaction  rates  (the 
Burke-Schumann  approximation),  while  the  present  works  take  into  account  the  influences  of  finite- 
rate  chemistry  which  is  the  dominant  nonlinear  process  in  flow's  in  liquid-propellant  rocket  engines. 
The  results  demonstrate  that  the  high  sensitivity  of  the  chemical  reaction  rates  to  temperature  fluc¬ 
tuations  can  underlie  important  ampliflcation  mechanisms.  As  an  initial  simplification,  a  one-step, 
irreversible  Arrhenius-type  chemical  reaction  rate  is  employed,  and  a  gaseous  counterflow  diffusion 
flame  is  adopted  to  represent  flamelets  subjected  to  nonuniform  flow  fields  caused  by  turbulent  fluc¬ 
tuations.  The  analyses  were  performed  by  activation-energy  asymptotics.  The  acoustic  response 
oS  the  flame,  obtained  from  the  linear  analysis,  is  found  to  be  determined  by  two  mechanisms, 
namely,  oscillations  of  the  reaction  sheet  induced  by  acoustic-produced  fluctuations  of  the  reaction 
rate,  and  oscillations  of  the  field  variables  produced  by  the  transport-zone  response. 
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The  results  of  analyses  on  acoustic  pressure  response  can  be  summarized  in  Fig.  1  showing 
the  boundaries  of  neutral  amplification  in  Da  —  u  plane  where  the  Damkohler  number  Da  and 
the  acoustic  frequency  u  are  normalized  by  the  extinction  Damkohler  number  and  the  strain  rate 
exerted  on  the  flame.  The  corner  of  large  Da  (near-equilibrium  limit)  and  small  u  corresponds 
to  attenuation,  while  all  the  rest  of  the  Da—u  plane  corresponds  to  much  stronger  amplification, 
especially  near  extinction.  The  attenuation  found  in  the  region  of  large  Da  and  small  u  arises 
from  the  reduction  in  the  rate  of  mass  transfer  associated  with  compression  of  the  flow  field  by 
the  acoustic  pressure.  As  the  acoustic  pressure  increases,  the  density  increases  in  phase,  and  the 
resulting  diminished  axial  velocity  reduces  the  mass  flux  into  the  reaction  sheet,  thereby  producing 
an  attenuation  effect.  As  u  increases  the  attenuation  effect  associated  with  compression  of  the  flow 
field  diminishes  because  the  compression  effect  is  lessened  by  unsteady  accumulation.  Especially 
in  the  limit  of  u;  — ^  oo,  the  convective  and  diffusive  transport  effects  fail  to  respond  to  pressure 
fluctuations,  and  the  flame  response  can  be  solely  determined  by  isentropic  thermodynamic  relations 
since  they  axe  the  only  processes  whose  relaxation  times  are  still  shorter  than  the  acoustic  time 
scale.  Therefore,  the  re^on  of  large  Da  and  oj  corresponds  to  small  amplification  which  arise  msdnly 
from  in-phase  oscillations  of  the  mass  diffusivities  with  acoustic  pressure.  As  the  flame  approaches 
extinction,  the  flame  response  is  dominated  by  acoustic-produced  oscillation  of  the  reaction  rate. 
Since  the  reaction  rate  tends  to  be  in  phase  with  temperature  oscillations  that  is,  in  turn,  in 
phase  with  acoustic  pressure  oscillations,  the  overall  response  always  corresponds  to  amplification 
independent  of  the  acoustic  oscillation  frequency.  Moreover,  an  extremely  large  sensitivity  of  the 
reaction  rate  to  temperature  perturbations  yields  an  order-of-magnitude  increase  in  the  rate  of 
amplification. 

Extension  of  analysis  to  acoustic  velocity  response  assumes  that  effects  of  acoustic  velocity 
oscillation  occurs  through  oscillation  of  the  strain  rate  applied  to  the  flame.  The  results  show  that 
the  flame  response  is  controlled  mainly  by  two  effects:  (a)  the  response  of  the  convective  mass  flux 
into  the  reaction  sheet,  which  is  directly  related  to  the  flow-field  variation  applied  at  the  boundary, 
and  (b)  the  response  of  the  reaction  sheet  to  adjust  the  residence  time  to  that  of  the  finite-rate 
chemistry.  For  flames  near  equilibrium,  the  former  effect  tends  to  be  dominant,  so  that  the  response 
of  the  net  heat  release  is  in  phase  with  the  strain-rate  oscillation.  However,  the  finite-rate  chemistry 
effect  overtakes  the  fluid-dynamic  effect  near  extinction.  A  typical  response  behavior  in  this  limit 
is  shown  in  Fig.  2  in  terms  of  the  real  part  of  the  nondimensional  reaction-sheet  oscillation  Re{flf). 
During  a  period  of  strain-rate  oscillation,  an  increase  in  strain  rate  results  in  reduced  residence  time 
in  the  reaction  zone,  thereby  reducing  the  reaction  rate.  In  order  to  compensate  for  the  reduced 
reactivity,  the  reaction  sheet  migrates  toward  the  stagnation  plane  at  which  the  local  convective 
flux  normal  to  the  reaction  sheet  is  much  smaller,  thereby  resulting  in  negative  values  of  i2e(q/). 
The  net  heat-release  response  of  the  near-extinction  flame  becomes  out  of  phase  with  the  strain- 
rate  oscillation.  Although  many  flame  response  behaviors  to  acoustic  velocity  oscillations  can  be 
explained  by  these  two  basic  response  mechanisms,  boundaries  of  neutral  amplification  cannot  be 
obtained  from  this  analysis  only.  Since  an  acoustic  velocity  is  }r/2  ahead  of  or  behind  the  acoustic 
pressure  oscillation  and  cannot  be  uniquely  determined  unless  the  whole  acoustic  pressure  field  is 
known,  a  detailed  inviscid  calculation  which  relates  the  acoustic  pressure  with  the  unsteady  strain 
rate  must  be  performed  in  each  case  in  order  to  calculate  the  contribution  of  the  velocity  effect  to 
the  acoustic  amplification. 

Acoustic  Eigenmodes  in  Nonuniform  Acoustic  Media 

A  recent  paper  by  Clavin  et  al.  [3]  demonstrated  that  nonlinear  acoustic  instability  coupled  with 
stochastic  linear  growth  could  lead  to  complicated  evolution  patterns  of  the  acoustic  pressure  ampli¬ 
tude.  To  continue  further  theoretical  investigation  of  the  stochastic  effects  on  nonlinear  instability. 
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it  is  desirable  to.formulate  nonlinear  acoustic  instability  based  on  a  formal  singular  perturbation 
method,  since  currently  available  nonlinear  formulations  are  intended  to  be  integrated  numerically. 
In  order  to  construct  a  systematic  nonlinear  formulation,  we  focus  our  attention  to  the  acoustic 
mgenmodes  in  liquid-propellant  rockets,  previously  given  by  a  Helmholtz  equation  arising  in  a  uni¬ 
form  acoustic  medium.  Because  of  the  presence  of  combustion  by  which  an  order-of  magnitude 
increase  in  temperature  can  occur,  effects  of  spatial  variations  of  molecular  properties,  such  as 
density  and  sound  speed,  on  the  eigenmodes  needs  to  be  considered  [4].  The  wave  equation  with 
variable  molecular  properties  is  treated  by  a  variational  method  which  yields  the  acoustic  oscillation 
frequencies  and  the  corresponding  acoustic  mode  shapes.  For  a  given  eigenmode,  the  variational 
principle  states  that  the  eigenvalue,  that  is  the  square  of  the  nondimensional  acoustic  frequency, 
is  the  ratio  of  the  kinetic  acoustic  energy  to  the  static  acoustic  energy,  and  the  eigenfunction  is 
the  minimizing  function  of  the  ratio.  As  a  simplified  model  for  liquid-propellant  rocket  en^nes, 
it  is  assumed  that  variation  of  the  acoustic  medium  occurs  dominantly  in  the  longitudinal  direc¬ 
tion.  In  this  case,  the  functional  shapes  of  the  transverse  modes  are  found  to  be  independent 
of  the  longitudinal  variation,  so  that  only  the  variations  in  the  longitudinal  direction  need  to  be 
considered. 

A  sample  calculation  is  made  with  the  assumptions  that  the  acoustic  medium  is  an  ideal- 
gas  mixture  and  that  a  monotonic  increase  of  the  gas  temperature  is  represented  by  the  first 
longitudinal  harmonic  function  cos^vz/L).  The  results  exhibit  two  important  characteristic  changes 
of  the  acoustic  modes.  In  order  to  minimize  the  kinetic  acoustic  energy  with  respect  to  the  static 
acoustic  energy,  variations  of  the  acoustic  pressure  gradients  are  found  to  be  larger  in  the  higher 
density  region.  As  a  consequence.  Fig.  3  shows  that  the  nodal  points  of  the  longitudinal  profiles  are 
significantly  shifted  toward  the  injector,  which  can  provide  useful  information  to  help  in  determining 
the  lengths  of  baffles  or  of  acoustic  liners.  For  the  case  considered  in  here,  the  length  of  the  baffle 
or  acoustic  hner  could  be  recommended  to  be  about  25  %  of  the  chamber  length.  The  longitudinal 
density  variation  is  also  found  to  play  a  role  in  the  acoustic  energy  transfer  mechanism  by  which 
the  kinetic  acoustic  energy  of  the  lower  mode  is  tramsfered  to  the  adjacent  higher  mode.  It  is  seen 
from  Table  1  that  the  eigenvalues  of  the  pure  transverse  modes  have  substantially  larger  reductions 
than  those  of  the  combined  modes  since  the  pure  tanserve  modes  only  lose  their  kinetic  acoustic 
energy  to  the  adjacent  combined  modes.  The  decreases  of  the  eigenvalues  in  the  pure  transverse 
modes  sometimes  exceed  more  than  one  half  of  the  corresponding  Helmholtz  eigenvalues,  while  the 
decreases  in  the  combined  modes  ranges  only  to  about  20  %.  It  is  therefore  suggested  that  the 
linear  or  nonlinear  analyses  in  which  the  Helmholtz  eigenfunctions  are  used  as  the  basis  functions 
may  have  significant  errors  for  the  pure  transverse  modes  that  are  more  frequently  observed  in 
en^ne  tests  than  the  combined  modes. 


References 

[1]  J.  S.  Kim  and  F.  A.  Williams,  Contribution  of  Strained  Diffusion  Flames  to  Acoustic  Pressure 
Response,  to  appear  in  Combustion  and  Flame  (1994). 

[2]  H.  G.  Im,  C.  K.  Law,  J.  S.  Kim,  and  F.  A.  Williams,  Response  of  Counterflow  Diffusion  Flames 
to  Oscillating  Strain  Rates,  to  appear  in  Combustion  and  Flame  (1994). 

[3]  P.  Clavin,  J.  S.  Kim  and  F.  A.  Williams,  Turbulence-Induced  Noise  Effects  on  High-Frequency 
Combustion  Instabilities,  Combustion  Science  and  Technology,  96,  61-84  (1994). 

[4]  J.  S.  Kim  and  F.  A.  Williams,  On  the  Eigenmodes  of  Acoustic  Pressure  in  Liquid-Propellant 
Rocket  Engines,  CECR  Report  No.  94-02,  University  of  California  at  San  Diego,  La  Jolla,  CA, 
1994,  also  to  be  submitted  to  Combustion  and  Flame. 


30 


UttJXLfU 

tMS.M 


I  Ur  “IS 

-  uiLSJia. 
UlWZJJL 


AmpStiettion 


Figur«  1.  Response  of  amplification  and  attenua¬ 
tion  in  the  Da—u  plane  for  various  Lewis  number. 


Figure  3.  Longitudinal  profiles  of  the  pure  and 
combined  modes  of  the  first  tangential  acoustics, 
IT-OL,  IT-IL,  1T-2L,  and  1T-3L. 
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Figure  2.  Real  parts  of  the  magnitude  of  nondi- 
mensional  reaction-sheet  oscillations  as  functions  of 
Damkohler  number  for  various  frequencies. 
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23.431 

47.185 

41.288 

66.723 

2L 

53.040 

76.793 

77.511 

98.692 

3L 

102.39 

126.14 

102.99 

110.08 


90.948 

98.206 


120.23 

147.55 


Table  1.  Comparison  of  the  eigenvalues  with  and 
without  a  variable  density  profile.  In  each  mode,  the 
large  number  corresponds  to  the  eigenvalue  given  by 
the  Helmholtz  equation,  whereas  the  smaller  num¬ 
ber  corresponds  to  the  eigenvalue  obtained  by  the 
variational  method  with  the  variable  density  profile. 
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Summary/ Overview 

Hie  atomisation  of  liquid  jets  is  a  fundamental  problem  of  particular  interest  in  determining  the  performance 
and  combustion  stability  of  liquid  rocket  engineB.  This  research  efibrt  is  focused  on  a  new  analytic  treatment 
of  this  free  surface  flow  utilising  Boundary  Element  Methods  (BEMs).  During  the  past  year,  this  research 
has  made  two  impMtant  advances.  A  model  capable  of  performing  nonlinear  jet  distortions  in  the  presmce 
of  the  orifice  has  been  developed  and  verified.  This  model  is  capable  of  calculating  jet  behavior  6eyoad  the 
drcqdet  pinchoff  event.  The  model  has  been  applied  to  a  dripping  flow.  Results  indicate  that  both  chaotic 
and  bifiucated  behavior  of  droplet  shedding  can  be  predicted  using  this  tool. 

The  second  advancement  invcdves  a  coupled  nonlinear  calculation  of  an  infinite  jet  breaking  up  under 
the  influence  of  both  surface  tension  and  gas-phase  pressure  forces  in  the  wind-induced  r^ime.  The  model 
predicts  suhstantial  deviations  from  linear  predictkms  due  to  nonlinear  effects.  Droplet  sise  predictions  agree 
with  the  limited  measurements  which  indicate  the  presence  of  a  ‘teain”  and  ‘^atdlite”  droplet  formed  under 
most  coaditKHis.  In  additkm,  the  model  provides  significant  improvements  to  the  linear  theories  associated 
with  the  breakup  length  oS  the  jet. 

Technical  Discussion 


Boundary  Element  Model  for  the  Finite  Liquid  Jet 

Figure  1  highlights  the  axisymmetric  computational  d<Hnain  and  boundary  omditions  employed  for  this 
proUem.  Potential  flow  is  presumed  in  the  liquid  domun,  so  the  flow  within  the  jet  can  be  described  with  a 
vdodty  potential  satisfying  Laplace’s  equation  =  0).  A  hybrid  scheme^  has  been  developed  whereby 
nodes  on  the  free  surface  are  ‘backed”  at  the  local  surface  velocity,  while  nodes  at  the  inflow  remain  fixed 
for  all  times.  On  the  fi«e  surface,  flow  kinematics  require; 

^  =  +««><<«  =  ^  ^  =  =  ^  (1) 

where  P  is  the  local  wave  slope  and  d^fda  and  q  ate  velocities  tangential  and  normal  to  the  local  surface, 
respectively.  The  tangential  velocity  is  calculated  using  5-point  centered  differences  on  except  near  the 
orifice,  where  3-point  formulas  ate  employed,  while  the  normal  velocity  component  is  determined  fiK»n  the 
solution  of  L^lace’s  equation.  The  local  wave  slope,  /?,  is  calculated  following  the  formulation  of  Medina^. 

We  obtain  a  means  of  updating  ^  on  the  surface  boundary  by  considering  the  unsteady  Bernoulli  relation. 
For  our  problem,  after  transforming  the  time  derivative  of  d  from  Eulerian  to  Lagrangian  representation, 
the  diniCTsionless  rqiresentation  of  this  equation  is: 


K  Bo 
Wt  We* 


(2) 


where  We  =  {jn*a)l«r  is  the  Yftbet  number.  Bo  =  ipg<i^)/»r  is  the  Bond  number,  and  k  represents  the 
local  surface  curvature.  Here  p  is  fluid  density,  a  is  the  radius  of  the  orifice,  o  is  the  fluid  surface  tension, 
and  g  is  the  acceleration  due  to  gravity.  The  local  curvature  can  be  expressed  in  terms  of  first  and  second 
derivatives  of  r  and  s  with  respect  to  the  distance  along  the  boundary  (s).  These  derivatives  are  calculated 
using  centered  difference  formulas. 
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Equatioiit  1  and  2  are  integrated  uaing  a  fourth-order  Runge-Kutta  method.  We  employ  a  method  to 
dynamically  modii^  the  time  step  baaed  on  the  surface  velocities  so  that  the  time  step  is  decreased  if  the 
veloettMS  become  too  large.  In  our  method,  no  node  is  allowed  to  move  more  than  a  specified  fractkm  of  the 
grid  spacing  every  time  st^.  The  modd  includes  a  smoothing  ttmtine  to  eliminate  “sig-sag”  instabilities 
whidi  can  appear  during  time  integratioas’.  hi  addition,  surface  roneshing  is  employed  at  each  time 
step  to  insure  rou^y  equal  node  qiacing  ak»g  the  free  sut&ce.  Cubic  splines  are  used  to  describe  surface 
geometry  between  nodes  for  the  purpose  ot remeshing.  Note  that  the  number  (Anodes  changes  dynamically 
due  to  the  alternating  growth  and  ‘^inch-off*  processes  occurring  during  the  unsteady  simulatkMi. 

Results  -  Finite  Length  Liquid  Jet 

At  low  vdodties,  the  breakup  of  a  liquid  jet  occurs  in  the  “dripping  fiow”  regime.  In  this  regime,  the  gas 
around  the  jet  can  be  neglected,  surface  tension  and  gravity  are  the  important  parameters,  and  the  dnqilet 
diameters  ate  larger  than  the  orifice  diameter.  Since  the  jet  breakup  occurs  near  the  cvifice,  we  can  use  this 
flow  to  validate  the  orifice  treatment  in  the  present  model.  Wu  and  Schelly  present  experimental  results 
on  the  effects  of  surface  tension  and  tonperature  on  the  dynamics  of  a  dripping  faucet^.  Results  indicate 
chaotic  and  bifurcated  (bimodal)  shedding  frequencies  over  the  range  0.625  <  We  <  1.05  for  the  case  where 
Bo  =  0.204. 

Figure  2  presents  our  calculaticm  of  a  typical  time  history  for  the  droplet  shedding  process.  As  a  droplet 
is  shed,  a  disturbanoe  is  sent  upstream.  The  interaction  of  this  disturbance  with  the  <^ce  has  bear  found 
to  be  responsible  fw  the  chaotic/bifurcated  briiavior  observed  at  low  We  values.  Results  indicate  that  the 
finite-length  treatment  will  be  fruitful  as  we  extend  the  model  to  the  atomization  regime  in  the  coming  year. 

Figure  3  shows  the  drqplet  sise  spectrum  as  a  functkm  of  the  Weber  number  for  conditions  omsistent 
with  Wu  and  Schdly’s  experiment.  We  note  the  chaotic/bifurcatimi  bdiavior  over  a  range  0.4  <  We  <  0.9 
which  is  sli^tly  lower  than  Wii  and  Schelly’s  result  due  to  the  stabilising  influence  of  viscosity  in  the  actual 
measurements.  However,  the  general  characttt  of  the  m^  is  rqitoduced  using  the  BEM  calculation.  As  We 
(jet  vdodty)  is  increased,  the  jet  breakup  pmnt  reaches  a  location  such  that  this  disturbance  has  negligible 
influence  oa  the  orifice  and  the  chaotic/bifurcated  behavior  vanishes.  Above  Weber  numbers  1.4,  the 
modd  predicts  a  dramatic  increase  in  jet  breakup  length,  signaling  the  start  of  the  Rayldgh  breakup  regime. 

Nonlinear  Model  of  Jet  Atomization  in  Wind-Induced  Regime 

The  “wind-induced”  rq^e  is  characterised  as  a  range  of  jet  vdodties  (or  Weber  numbers)  in  whidi  the 
breakup  of  the  liquid  jet  is  controlled  primarily  by  surface  tension  and  aerodynamic  interactions  with  the 
surrounding  gas.  For  relativdy  low  q>e^  jets,  the  most  unstable  wavdengths  are  IcHiger  than  the  jet  radius 
and  surface  tension  acts  as  a  destabilising  factor.  This  region  is  typically  referred  to  as  the  “first  wind- 
induced”  r^ime.  As  jet  vdodty  (or  Weber  number)  is  increased,  the  most  unstable  wavdength  decreases 
to  a  value  leas  than  the  jet  radius,  at  which  point,  surface  tensicm  becomes  a  stabilizing  influence  and 
aerodynamic  interactions  provide  the  sole  destabilizing  effect  (second  wind-induced  regime). 

For  this  calculation*,  we  presume  that  finite  disturbances,  which  are  periodic  in  nature,  are  devdoped  well 
downstream  of  the  orifice  so  that  an  infinite  wavetrain  accuratdy  represents  the  evolution  of  the  jet.  Under 
these  aasnmptimis,  the  domain  for  the  calculation  (and  associated  boundary  conditions)  are  summarised  in 
Elg.  4.  Hew,  represents  the  vdodty  potential  in  the  gas  phase.  The  coordinate  tystem  is  assumed  to 
move  with  the  liquid,  and  nodes  ate  placed  along  the  surface,  al<mg  vertical  planes  at  both  ends  of  the  wave, 
and  along  a  horiscmtal  surface  (in  the  gas)  far  from  the  gas/liquid  interface.  Liquid  nodes  are  denoted  “O”, 
while  gas  nodes  are  denoted  “X”  in  Fig.  4. 

At  the  interface,  the  Bernoulli  conditions  may  be  written: 

^  =  =  (3) 

wh«w  Pf  is  the  gas  pressure  and  e  is  the  ratio  of  gas-to-liquid  densities.  We  have  validated  a  stable,  accurate 
pioceduw  callable  of  treating  the  coupled  set  of  nonlinear  conditions  (Eqs.  1  and  3)  which  hold  at  the 
interface.  We  b^in  by  integrating  the  first  half  of  Eq.  3  to  obtain  new  values  of  ^  on  the  free  surface. 
Solving  Liqilace’s  equation  with  this  boundary  condition  pves  the  nodal  velocities  which  in  turn  save  as 
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bouadaiy  eonditioiw  for  tlie  aolutkm  of  =  0  for  values  of  <»  the  surface.  The  gas  pressure  is  then 
obtained  fram  the  second  half  of  Eq.  3  by  using  the  current  4$  values  to  evaluate  the  time  derivative.  Nodes 
are  moved  to  new  locations  via  integration  of  Eq.  1. 

Results  -  Wind-Induced  Regime 

Figures  5-d  summarise  typical  results  generated  using  the  modri.  In  Fig.  5,  the  nonlinear  distortion  the  jet 
surfoce  under  conditions  consistent  with  the  first  wind-induced  regime  is  illustrated  at  various  times  in  the 
breakup  ptocess.  This  illuriration  depicts  both  main  and  satellite  drc^lets  (as  noted  by  other  researchos*'^ 
in  the  Rayleigh  regime)  fiMming  under  the  selected  WWW  number  (^0.84.  We  calculate  an  overall  l»eakup  time 
of  267.1  as  compared  to  a  value  of  238.5  as  predicted  by  Weber*  which  indicates  that  the  BEM  calculation 
predicts  a  greater  btealnq>  length  than  that  Weber.  Since  it  is  well  known*  that  Weber’s  analysis  tads 
to  overpredict  the  aerodsmamic  effect  on  instability,  we  see  that  the  nonlinear  BEIf  analysis  provides  a 
oonectkm  (in  the  proper  directkm)  to  this  linear  re^t. 

In  addition,  we  have  finmd  that  predictums  of  droplet  sises  (not  shown)  are  in  good  agreonent  with  the 
limited  otyerimental  data*  in  this  regime.  Finally,  tlM  modd  is  currently  being  compared  to  ety>erimental 
measutements  of  jet  breakup  length*.  Preliminary  results  (not  shown)  indicate  a  substantial  improvement 
over  the  linear  themy  which  tads  to  undwpredict  this  parameter. 

Figure  6  presats  the  nonlinear  evdution  of  the  jet  surface  for  conditions  consbtat  with  the  seccmd 
wind-induced  regime.  In  this  case,  the  jet  surface  begins  to  take  on  a  “tyike-shaped”  appearace  with  a 
small  fluid  tMus  at  the  tip  of  the  spike.  As  the  spike  becomes  more  pronounced,  we  expect  flow  sqiaratia 
a  the  aft  pwtkm  leading  to  a  net  pressure  fiwce  (exerted  by  the  gas)  in  the  direction  of  the  gas  flw.  This 
force  will  aid  in  shearing  the  torus  (ad  a  portion  of  the  spike)  off  the  main  body  of  the  jet.  Drcqilet 
sises  consistat  with  this  process  will  depad  a  the  stability  of  the  fluid  sheared  from  the  top  of  the  spike. 
It  m  likdy  that  secadary  collisions  ad  coalescace  are  imp<»tat  in  this  regime  due  to  the  close  jnaadmity 
of  the  satdlHe  fluid  to  the  main  body  of  the  jet. 
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Figun  i:  Sdiemstic  of  Computatkmal  Ocmdud 
Fimte-LeacUi  Jet  Model 


On 


Figuie  4:  ComputatioDal  DcHnain  for  Wind-Induced 
Regime  Model 


Figure  2:  Topical  Droplet  Shedding  Hiitoiy  («t  equal 
time  intervals)  IndiaUing  bteractions  with  Orifice, 
We  s  1.45,  Bo=0.204 
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Figuie  5:  Evolution  of  Jet  Surface  in  1st  Wind- 
Induced  Regime:  We  =  500,  k=0.84,  and  e  =  0.001 


Figure  3:  Droplet  Sise  Spectrum  Depicting  Chaotic  Figure  6:  Evolution  <rf  Jet  Surface  m  2nd  Wmd- 
and  Bimodal  Bdiavior  at  Selected  We  Values  Induced  Regime:  We  =  15, 000,  and  k=10.0 
(Bo=0.204) 
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SUMMARY/OVERVIEW 

A  focused  research  program  is  conducted  to  investigate  liquid-propeilant  droplet 
combustion  in  supercritical  forced-convective  environments.  The  purpose  is  to  esttblish  a 
solid  theoretical  b^s  for  enharwing  the  understanding  of  iiqi^-propellant  droplet  vaporization, 
combustion,  and  dynamics  at  supercritical  cofxfitions,  wi^  emphasis  placed  on  the  effect  of 
forced  convection.  A  variety  of  liquid  propellants  arxl  propellant  simulants,  including 
hydrocarbons  and  cryogenics,  at  both  steady  arid  oscillatory  conditions  are  treated 
systematically.  The  formulation  is  based  on  the  full  conservation  equations  for  both  gas  and 
Rquid  phases,  arxl  accommodates  variable  properties  and  finite-rate  chemical  kinetics.  Full 
account  is  taken  of  thermodynamic  non-idealities  and  transport  anomalies  at  high  pressures, 
as  well  as  Kquid-vapor  phase  equilibria  for  midti-component  mixtures.  Because  the  model 
allows  solutions  from  first  princi^es,  a  systematic  examination  of  droplet  behavior  over  wide 
ranges  of  temperature  and  pressure  is  made  possible.  Resists  not  ortly  enhance  the  basic 
understanding  of  the  problem,  but  also  serve  as  a  basis  for  establishing  droplet  vaporization 
and  combustion  correlations  for  the  study  of  liquid  rocket  engine  combustion,  performance, 
and  stability. 


TECHNICAL  DISCUSSION 

Liquid-droplet  vaporization  and  combustion  in  supercritical  environments  have  long 
been  matters  of  serious  practical  concern  in  combustion  technology,  mainly  due  to  the 
necesqjty  of  developing  Ngh-pressure  combustion  devices  such  as  liquid-propellant  rocket 
motors  and  diesel  engines.  Although  several  studies  have  been  devoted  to  this  problem,  a 
number  of  fundamental  issues  regarding  the  attainability  of  critical  conditions  and  droplet 
gasification  arxi  burning  mechanisms  at  high  pressures  remain  unresolved.  Most  of  the 
existing  theories  are  based  on  certain  assumptions  and  empirical  correlations  that  are 
extrapolated  from  atmospherical  conditions,  witii  their  validity  for  high-pressure  applications 
subject  to  clarification.  Furthermore,  no  unified  analysis  of  the  entire  droplet  history,  in 
particular  the  transition  from  the  subcritical  to  supercritical  state,  was  made.  Almost  all  of 
the  models  for  supercritical  combustion  have  assumed  a  priori  that  the  droplet  reaches  its 
critical  state  instantaneously  upon  introduction  into  a  supercritical  environment.  Neither  initial 
heatup  transients  nor  nonuniformities  of  liquid-phase  properties  are  considered.  In  addition, 
the  treatment  of  transport  properties  and  thermodynamic  nonidealities  is  overly  simplified  to 
yield  complete  information.  A  recent  review  of  this  subject  is  given  by  Hsieh  et  al.II]. 

The  physical  model  treated  here  is  an  isolated  liquid-propellant  droplet  (or  an  array  of 
droplets)  when  suddenly  confronted  with  a  supercritical  fluid  flow.  The  initial  temperature  of 
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the  droplet  is  subcriticel.  As  the  droplet  is  hested  by  the  ambient  gas,  its  temperature 
increases  and  finally  exceeds  the  critical  point.  Several  important  aspects  must  be  noted 
during  this  process.  First,  when  the  droplet  surface  approaches  its  thermodynamic  critical 
state,  the  difference  in  densities  of  gas  and  liiMd  phases  becomes  smaller.  The  characteristic 
times  of  the  transport  processes  near  the  droplet  surface  in  both  phases  have  the  same  order 
of  magnitude.  Therefore,  the  transient  effects  in  the  gas  phase  are  as  important  as  those  in 
the  liquid  phase,  and  the  quasi-steady  condition  may  never  be  reached  during  the  lifetime  of 
the  droplet.  Second,  the  latent  heat  of  vaporization  decreases  to  zero  at  the  critical  point. 
Conventional  low-pressixe  models  may  erroneously  predict  the  vaporization  rate  if  the 
variation  of  latent  heat  with  pressure  is  not  properly  taken  into  account.  In  addition,  if  the 
droplet  is  moving,  the  behavior  of  liquid  deformation  and  breakup  may  be  altered  considerably 
due  to  the  diminished  value  of  surface  tension.  Third,  at  high  pressures,  effects  of 
thermodynamic  non-idealities  and  property  variations  play  decisive  roles  in  determining 
transport  properties  and  interfacial  thermodynamic  relationships.  The  solubility  of  the  ambient 
gas  in  the  liquid  phase  increases  with  pressure,  arxl  the  classical  Raoult's  law  for  ideal 
mbttures  is  not  applicable  for  phase-equilibrium  analysis.  One  must  develop  a  more 
comprehensive  model  for  vapor-liquid  interface  conditions  in  terms  of  fugacity.  Finally,  when 
the  droplet  exceeds  its  critical  state,  it  essentially  becomes  a  "puff"  of  dense  fluid.  The  entire 
field  becomes  a  continuous  medium,  and  no  distinct  interfacial  boundary  can  be  identified. 

The  primary  purpose  of  this  research  project  is  to  establish  a  theoretical  framework 
within  which  various  issues  of  supercritical  droplet  vaporization  and  combustion  can  be 
addressed  systematically.  Specific  program  objects  are 

1.  to  establish  a  complete  thermodynamic  and  transport  analysis  for  evaluating 
propellant  thermophysical  properties  over  wide  ranges  of  temperature  and  pressure, 

2.  to  study  liquid-propellant  droplet  vaporization,  combustion,  and  dynamics  in  a 
steady  convective  environment  at  supercritical  conditions,  and 

3.  to  investigate  dynamic  responses  of  droplet  vaporization  and  combustion  to 
ambient  flow  oscillations. 

A  brief  summary  of  the  work  scope  and  progress  made  to  date  for  these  tasks  is  given  below. 
1 .  Evaluation  of  Fluid  ThermoDhvsical  Properties 

Thermophysical  properties,  including  thermodynamic  and  transport  properties,  play 
decisive  roles  in  determining  the  droplet  behavior  [2,31.  Unfortunately,  no  complete  molecular 
theories  and  evaluation  techniques  are  currently  available  for  thermophysical  properties  of 
constituent  species  as  well  as  mixtures  at  high  pressures,  especially  in  the  near-critical  regime 
in  wNch  thermodynamic  anomalies  occur  (a  phenomenon  referred  to  as  critical  enhancement). 
During  this  report  period,  efforts  have  been  continuously  made  to  assess  a  variety  of  property 
evaluation  schemes  and  constitutive  relations  for  both  hydrocarbon  and  cryogenic  propellants 
at  high  pressures.  Generalized  correlations  have  been  established  and  applied  to  the  pressure 
and  temperature  ranges  of  practical  engine  operations.  In  particular,  asymptotic  theories 
based  on  scaled  equations  of  state  and  universal  power  laws  have  been  incorporated  in  the 
treatment  of  critical  phenomenon  by  considering  the  long-wavelength  fluctuations  of  the  order 
parameter  and  of  o^r  relevant  hydrodynamic  modes  of  the  fluid.  This  technique  results  in 
the  establishment  of  a  unified  scheme  for  evaluating  fluid  thermophysical  properties  over  the 
entire  thermodynamic  state,  frcMn  compressed-liquid  to  dilute-gas  state. 
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A  comprehensive  theoreticsl  analysis  has  been  established  to  investigate  droplet 
vaporization  and  combustion  at  supercritical  conditions.  Calculations  have  been  carried  out 
for  hydrocarbon  and  liquid-oxygen  (LOX)  droplet  vaporization  and  combustion  under  various 
ambient  conditions.  The  pressure  varied  from  one  to  250  atm,  arxl  the  temperature  from  500 
to  2000  K.  The  initial  droplet  diameter  ranged  from  50  to  300  /rm.  The  effect  of  pressure 
on  droplet  behavior  was  investigated  in  detail.  Results  from  the  parametric  study  are  used  to 
develop  correlations  for  droplet  vaporization  rates  in  terms  of  initial  droplet  diameter  and 
ambient  flow  conditions.  This  information  can  be  easily  incorporated  into  existing  spray  codes 
for  predicting  liquid-propellant  rocket  engine  performance  and  stability.  Specific  processes 
treated  in  tNs  task  are 

1.  Complete  time  Nstory  of  droplet  gaafication,  including  the  transition  from  the 
subcritical  to  supercritical  state, 

2.  igrution  and  flame  development, 

3.  droplet  deformation,  stripping,  and  shattering,  and 

4.  dyruimic  loading  (i.e.,  drag  arxl  lift  forces)  on  droplets. 

Figure  1 .  shows  a  typical  set  of  results  for  the  combustion  of  LOX  droplet  in  a  supercritical 
hydrogen  flow,  in  which  the  irutantaneous  temperature  contours  in  the  field  are  presented  at 
six  different  times.  The  droplet  Reynolds  number  and  ambient  pressure  are  80  and  80  atm, 
respectively,  ignition  always  occurs  near  the  downstream  edge  of  the  droplet.  The  flame 
then  propagates  toward  the  centerline,  and  simultaneously  tears  the  gasified  oxygen  into  two 
fragments,  with  the  downstream  piece  blown  farther  away  from  the  flame  zone. 

3.  Dynamic  Responses  of  Droplet  Vaporization  and  Combustion  to  Ambient  Row  Oscillations 

The  dynamic  responses  of  supercritical  droplet  vaporization  and  combustion  to  ambient 
flow  oscillations  are  examined.  The  analysis  extends  the  droplet  combustion  model 
established  for  steady  environments,  and  accommodates  periodic  pressure  and  velocity 
fluctuations  in  the  ambience.  The  oscillatory  characteristics  of  droplet  gasification  and 
burning  mechanisms  are  studied  in  detail  over  a  broad  range  of  pressure.  Results  indicate  that 
the  droplet  response  functions  (both  pressure-  and  velocity-coupled  responses)  increase 
progressively  with  pressure  due  to  reduced  thermal  inertia  at  high  pressures,  as  shown  in  Fig. 
2.  Furthermore,  a  rapid  amplification  of  droj^et  vaporization/combustion  response  occurs 
when  the  droplet  surface  reaches  its  critical  mixing  point.  This  phenomenon  may  be 
attributed  to  the  strong  sensitivities  of  latent  heat  of  vaporization  and  fluid  transport 
properties  to  small  perturbations  near  the  critical  point.  Correlations  of  droplet  response 
functions  are  also  established  in  terms  of  droplet  and  oscillatory  flow  properties,  and  can  be 
used  effectively  in  liquid  rocket  engine  combustion  instability  analysis. 
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Figure  1.  Time  History  of  Temperature  Contours  for  LOX  Droplet  Combustion  in  a 
Supercritical  Hydrogen  Row. 
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Rgure  2.  Effect  of  Pressure  on  Droplet  Vaporization  Response 
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SUMMARY/OVERVIEW: 

The  primary  oigective  of  die  preaent  reaeaich  program  is  to  provide  a  fimdamental  imderstanding  of  die 
proceaaee  ndudi  oontrol  soot  particle  fbimatiaa  under  cooditians  qipUcaUe  to  gas  turbine  eogme  operation. 
Current  efforts  rmphasiai  laminar  diifosian  flames  studies  to  eluciirie  die  particle  precursor,  inception  and 
surbce  growdi  processes  important  in  soot  formation.  During  die  past  year,  mwng  die  extensive  set  of 
measurements  of  the  gas  and  particle  fidkk  which  has  resulted  from  diis  reaeaich,  a  direct  comparisu  widi  a 
detailed  soot  formation  model  has  beu  undwtaku,  Additiooally,  qiecies  concentration  results  obtained  as  part 
of  the  present  research  effort  have  ben  used  to  that  soot  sncfiax  growth  in  laminar  diffusion  flames 

ceases  due  the  depletian  of  die  gas  phase  hydrocaibon  qiedes  involved  in  the  surfice  growth  process  and  not 
due  to  die  loss  of  soot  particle  reactivity.  By  condnning  die  measured  temperature,  velocity,  soot  particle  and 
species  oanoentmtion  fields,  it  has  ben  posaiUe  to  reserve  die  soot  formation  process  along  individual  particle 
paths.  Using  dus  approach,  congnrisons  with  results  obtained  from  premixed  flamna  show,  for  the  conditions 
observed  in  die  present  diflusian  flame  studies,  that  only  a  «mall  reduction  in  sarfme  reactivity  would  be 
expected.  Finally,  a  novel  diagnostic  technique,  lasnfoduced  incandescence,  has  ben  developed  frxr  soot 
vdhnne  fracdoa  measurments  and  apfdied  to  laminar  and  turbulent  diffusion  flames  as  wdl  as  to  hydrocarbon 
droplet  studies. 

TECHNICAL  DISCUSSION 

The  objective  of  die  presnt  research  effort  is  to  investigate  die  fundamntal  phenomena  controlling  soot 
particle  fimnatioa  and  destructian  in  combustion  systems.  The  et»q»ti«ri«  and  qiproach  cbosn  fr>r  die  presnt 
studies  are  based  on  previous  results  which  have  provn  the  soundness  of  die  mediodcdogy  being  nHlimd  [1-S]. 
The  presnt  studies  are  conducted  in  well-diaracterized  laminar  diffusion  flames  in  which  fud  constitunts, 
temperature,  concentration  and  tram^ort  processes  are  systematically  varied  and/or  measured. 

Species  Concentration  and  Soot  Growth  Measitrements 

^ectes  cancentratin  measummts  were  obtained  in  an  ediene/air  laminar  diffusion  flame  having  a  fuel 
flow  rate  of  3. 85  cm?/s.  Aldioo^  this  flame  does  not  mit  soot  particles  from  its  tip,  die  peak  soot  volume 
fraction  observed  in  the  flame  exceeds  10^.  Consequndy,  use  of  a  novd  electromechanical  sonic  microprobe, 
previously  devdoped  at  Peon  State  [6],  is  essntial  to  achieving  measuremnts  in  ihi«  flame.  The  major  species 
considmd  in  the  flame  were  N2,  O2,  C2H4,  CH4,  I^,  COj,  Hj,  C2H2  and  Ar.  Ptdiminaty  measurements  were 
also  obtained  for  diacetylene  (C4H2)  and  benzene  (C«H«). 

By  combining  the  qiecies  concmittatioa  measurements  with  previously  obtained  measuranents  of  the  soot 
particle,  vdodty  and  temperature  fields,  die  soot  formation  and  growth  process  can  be  followed  along  individual 
partide  padis.  Figure  1  shows  the  evolution  of  the  soot  volume  fraction  and  acetylene  (CjH:)  crmcentiation  as  a 
function  of  time  along  die  particle  padi  containing  die  maTiimim  soot  volume  frac^on  in  die  flame  [?].  An 
important  pt^  regarding  this  result  is  that  the  cessation  of  soot  particle  growth  occurs  at  die  location  where  the 
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ooncentratko  teaches  too.  Thus,  it  can  be  argued  that  the  soot  growth  process  ceases  due  to  the 
de|detk»  of  the  surfiKe  growth  species,  not  because  of  the  loss  of  surfue  reactivity  which  has  sometinies  been 
argued  for  premixed  flames  [8,9].  Similar  results  have  been  obsmved  for  other  hydrocarbon  qiecies  Mthich 
could  be  important  sur^ce  growdi  reactants  such  as  benzeoe  and  diacetylene.  Examination  of  other  particle 
padis  has  also  shown  amilar  results  to  dmae  illustrated  in  Figure  1  [7]. 

Further  evidence  that  siqjports  a  mechanism  in  laminar  diffosioo  flames  which  differs  from  that  dominant 
in  premixed  flames  can  be  gleaned  by  rxamining  the  tmqjmatures  along  diese  streamlines  and  using  the  results 
of  Daach  [8]  and  Woods  and  Haynes  [9]  to  examine  the  decrease  in  soot  particle  reactivity.  Equation  (1) 
expresses  the  decay  in  the  reactivity  of  the  soot  surface  as  taken  from  Da^  [8].  The  term  If^,  which  was 
determined  from  Woods  and  Haynes  [9],  is  the  same  term  as  or  used  by  Dasch. 

^  ^  Hl  =  exp(-otf)  (la) 

n: 

Of  =  3.5  X  10’  exp  (-T./T)  (lb) 

While  it  may  not  be  good  practice  to  ^ly  the  above  frmnula  for  reactivity  decay  to  iton-isothermal  flames, 
there  is  insist  to  be  gained  by  proceeding  along  diis  line  of  analysis.  If  the  maximum  teiiq>erature  along  the 
streamline  the  soot  growdi  r^on  (i.e.,  from  initial  detection  of  soot  to  die  maximum  soot  volume  fraction) 
is  dwsea,  one  can  calculate  a  conservative  estimate  of  die  decrease  in  the  soot  particle  reactivity  along  that 
particle  padi.  TaUe  1  shows  die  maximum  temperatures  and  soot  residence  bmea  along  three  particle  padis  in 
die  flame  [7].  These  paths  coire^iond  to  the  centerline  of  die  flame,  a  padi  intermediate  to  the  centerline  and 
the  path  of  maximum  soot  volume  fraction,  and  die  path  containing  the  maximum  soot  volume  fraction.  In 
addition,  die  residence  time  fiir  die  centime  of  a  (^4  flame  discussed  by  Honnery  and  Kent  [10]  is  also 
tabulated  and  is  about  five  times  linger  dian  any  of  the  resideoce  times  observed  for  die  present  study.  The 
charactnistic  time,  1/a,  frir  soot  particle  reactivity  decrease  is  calculated  using  die  activation  tenqieratiire  and 
expresskn  of  Dasch  [8]  (see  equation  (1)),  since  the  result  is  more  conservative  dian  that  of  Woods  and  Haynes 
[9].  The  results  wiF.  not  differ  qipreciably  since  die  activation  tenqietatures  dif!i»  by  ^iproximatdiy  1%.  The 
fraction  of  initial  reactivity  that  would  remain  vdien  growdi  ceases  is  also  shown  in  Table  1.  The  Anhenius 
nature  of  the  expression  ^  the  reactivity  decrease  can  be  expected  to  differ  somewdiat  in  the  tenqierature  range 
observed  in  the  present  diffusion  flame.  Howevn,  Woods  a^  Haynes  [9]  did  not  expect  diis  effect  to  be 
significant. 

Using  the  tenqieratures  and  residence  times  from  Table  1,  the  fractirai  of  the  initial  reactivity  available  is 
lowest,  0.61,  for  the  particle  path  designated  as  the  maximum  soot  volume  fraction  due  to  the  higher  tenqiera- 
hire  on  diis  particle  path.  Furthermore,  udien  die  data  from  Honnery  and  Kent  [10]  is  used  alimg  the  centerline 
of  their  flame,  this  malysis  yidds  a  fraction  of  initial  reactivity  available  at  the  end  of  growdi  of  0.91.  These 
values  for  the  surfece  reactivity  indicate  that  the  continued  growth  of  soot  in  diffusion  flames  to  very  long 
resideoce  times  is  not  in  conflict  widi  the  results  obtained  by  odiers  in  premixed  flames.  Furthermore,  these 
calculations  provide  additional  siqiport  to  dw  interpretatiim  that  soot  surfKe  growdi  in  laminar  diffusion  flames 
ceases  due  to  die  dqiletion  of  gas  phase  reactants. 

Modeling  of  Soot  and  Species  in  a  Laminar  Diffitsion  Flame 

A  modd  of  a  laminar,  ethene  diffusion  flame  has  been  devdoped  and  conqwred  with  measuroneots  as  part 
of  a  collaborative  effort  widi  Prof.  I.  M.  Kennedy  of  die  University  of  (Talifornia/Davis  [11].  A  system  of 
danentary  reactions  is  used  to  describe  the  gas  phase  C,  and  C;  chemistry.  The  model  incorporates  a  sinqile 
description  of  the  growdi  of  soot  uhidi  performs  a  good  job  of  ntyiroducing  the  amount  of  soot  in  the  flame  and 
the  transition  from  nmi-sooting  to  sooting  conditions. 

Figure  2  shows  a  conqiarison  between  measurmnents  of  die  integrated  soot  volume  fraction  and  acetylene 
concentration  and  the  modd  predictioos  [11].  These  results  indicate  that  the  model  does  quite  wdl  in  tmns  of 
predicting  the  general  profiles  associated  with  both  the  soot  particle  and  qiecies  concentration  fields.  Similar 
agreement  is  observed  for  odier  species  in  the  flame. 
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Laser-Induced  Incandescence  Measurements  qf  Soot  Volume  Fraction 

LaaeHiiduced  iscaudesceoce  (Lll)  involves  the  Ik  iting  of  soot  particles  to  ten^entiues  above  die 
sunounding  gas  ten^eodiue  due  to  die  absotpdon  of  laser  energy,  md  die  subsequent  detection  of  the 
Uaddmdy  radiation  correqwnding  to  the  elevated  soot  particle  tenqieratuies.  This  tedmique  has  recendy  beoi 
used  to  obtain  qiatiaUy-resolved  measurements  of  soot  volume  iractian  in  a  laminar  diffusion  flame,  in  which 
conqiatisans  with  laser  scattering/extinction  data  yield  excellent  agreement  [12].  In  addition,  the  Lll  signal  is 
observed  to  involve  a  nqiid  rise  in  intensity  followed  by  a  relatively  long  (ca.  600  ns)  decay  period  subsequent 
to  die  laser  pulse,  while  the  effect  of  laser  fluence  is  manifest  in  non-linear  and  near-saturated  response  of  the 
in  signal  widi  die  transidcm  occurring  at  a  laser  fluence  of  approximatdy  1.2  x  10*  W/cm^.  Spectral  leqxmse 
of  die  in  involves  a  continuous  plectrum  in  the  visible  wavdengdi  range  due  to  the  blackbody  nature  of  the 
emission.  Simultaneous  measuranents  of  laser-induced  incandea:»ice  and  light-scattering  yield  encouraging 
results  concmning  the  mean  soot  particle  diameter  and  nundier  concentration.  Thus,  LQ  can  be  used  as  an 
instantaneous,  qwtially-resolved  diagnostic  of  soot  volume  fraction  without  the  need  for  the  convmtional  line-of- 
si^t  laser  extinction  mediod.  The  UI  tedinique  has  recendy  been  iqqilied  to  turbulent  ethene/air  flames  as  well 
as  beniene  and  benzeoe/methanoi  droplet  studies.  The  results  of  these  studies  have  be^  encouraging  regarding 
die  use  of  Ln  in  unsteady  combustirm  environments. 

KEFERENCES 

1.  Santoro,  R.  J.,  Smnerjian,  H.  G.  and  Dobbins,  R.  A.,  'Soot  Particle  Measurmnents  in  Diffusion 
Flames,"  Combustion  and  Home,  52:204-218  (1983). 

2.  Santoro,  R.  J.,  Yefa,  T.  T.,  Horvath,  J.  J.  and  Semeijian,  H.  G.,  "The  Transport  and  Growdi  of  Soot 
Particles  in  T^mimr  Diffusion  Flames,"  Combustion  Science  and  Technology,  53:89  (1987). 

3.  Puri,  R.,  Richardson,  T.  F.,  Santoro,  R.  J.  and  Dobbins,  R.  A.,  "Araosol  Dynamic  Processes  of  Soot 
Aggregates  in  a  Taim'mr  Ethene  Diflusion  Flame,"  Combustion  and  Flame,  ^:320-333  (1993). 

4.  Puri,  R.,  Moser,  M.,  Santoro,  R.  J.  and  Smydi,  K.  C.,  "Laser-Induced  Fluorescence  Measurements  of 
OH  Crmcentration  in  the  Oxidation  Region  of  Laminar,  Hydrocarbon  Diflusion  Flames,"  Twenty- 
Fourth  Symposium  (International)  cm  Combustion,  The  Ctnobustion  Institute,  Pittdnirgh,  PA,  pp.  1015- 
1022  (1992). 

5.  Puri,  R.,  Santoro,  R.  J.  and  Smyth,  K.  C.,  "The  Oxidation  of  Soot  and  Carbon  Monoxide  in 
Hydrocarbcm  Diflusion  Flames,"  Combustion  and  Flame,  97:125-144  (1994). 

6.  Puri,  R.,  "The  Interaction  of  Soot  Particles  and  Carbon  Monoxide  in  T  jminar  Diflusion  Flames," 

Ph.D.  Thesis,  The  Pennsylvania  State  University  (1992). 

7.  R4q>>  D.  C.  and  Santoro,  R.  J.,  "Growdi  Species  and  Soot  Surface  Growdi  in  a  T^aminar  Diflusion 
Flame,"  Fapet  #WSS/CI  94-052,  1994  Spring  Meeting,  Western  States  Section  of  The  Combustion 
Institute,  University  of  Califomia'at  Davis,  Davis,  CA,  March  21-22,  1994. 

8.  Dasch,  C.  J.,  "The  Decay  of  Soot  Surfece  Growdi  Reactivity  and  Its  Importance  in  Total  Soot 
Formaticm,"  Combustion  and  Flame,  61:219-225  (1985). 

9.  Woods,  I.  T.  and  Haynes,  B.  S.,  "Soot  Surface  Growdi  at  Active  Sites,"  Combustion  and  Flame, 
85:523-525  (1991). 

10.  Honnery,  D.  R.  and  Kent,  J.  H.,  "Soot  Form^on  in  Long  Ethylene  Diflusion  Flames,"  Combustion 
and  Flame,  82:426  (1990). 

11.  Kennedy,  I.  M.,  Riqip,  D.  C.,  Santoro,  R.  J.  and  Yam,  C.,  "Modeling  and  Measurements  of  Soot  and 
Species  in  a  Ijmunar  Diflusion  Flame,"  Vsapec  #WSS/CI  94-053,  1994  Spring  Meeting,  Westnn  States 
Section  of  The  Combustiim  histitute.  University  of  California  at  Davis,  Davis,  CA,  March  21-22, 

1994. 

12.  Quay,  B.,  Lee,  T.-W.,  Ni,  T.  and  Santoro,  R.  J.,  "Spatially-Resolved  Measurements  of  Soot  Volume 
Fraction  Using  Laser-Induced  Incandescence,"  Combustion  and  Flame  (in  press). 


42 


0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8 

xm  r/D 

(a)  (b) 

FIGURE  2  Measured  and  predicted  values  for  (a)  soot  volume  fractions  int^rated  across 
the  ethene/air  flame  as  a  function  of  nondimensional  axial  position  and 
(b)  radial  profiles  of  the  C2H2  mole  fractions  at  7  mm  from  the  fuel  tube  exit. 

In  these  plots,  D  is  the  diameter  of  the  fuel  jet  (1.11  cm). 


TABLE  1  Data  for  calculation  of  particle  reactivity  decrease  along  several 
particle  paths 


Paiiicle  Path 

Maximum 
Temperature  (K) 

Soot  Residence 
Time  (sec) 

Characteristic 
Time  (sec) 

Fraction 
of  Initial 

Reactivit^^^ 

Centerline 

1439 

0.017 

0.92 

1 

Middle 

1449 

0.035 

0.175 

0.82 

J 

Maximum 

1572 

0.026 

0.0518 

0.61 

1 

Honnery  and 
Kent  (1990) 

-1250 

>0.2 

2.11 

0.91 

] 
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SUMMARY/OVERVIEW 

This  research  program  addresses:  (1)  the  nucleation  step  in  the  mechanism  of  soot  formation 
in  flames,  and  (2)  die  mechanism  of  formation  of  die  large  cations  observed  in  flames.  The  ionic 
mechanism  of  soot  nudeation  is  studied  by  computer  modeling  to  evaluate  its  potential  for 
accounting  for  the  eaqMiimental  results.  This  involves  the  immediate  task  of  developing  a  mechanism 
for  production  of  the  large  ions  observed  in  flames.  This  requires  development  of  thermochemistry 
of  large  ions,  development  of  a  detailed  mechanism  with  appropriate  rate  coefGdents,  and 
examinadon  of  the  theoretical  basis  of  the  Langevin  theory  of  ion-moleoile  reactions  when  large  ions 
at  flame  temperatures  are  involved.  During  the  last  year,  we  improved  the  thermochemical  and 
kinetics  data  bases,  improved  and  extended  the  correl^on  between  model  and  experiment  to  ion 
mass  301,  C24^13^‘  further  explored  the  non-equihbrium  nature  of  soot  and  acetylene 

formation  in  flames. 

TECHNICAL  DISCUSSION 

In  extending  the  model  to  larger  ions,  the  dominant  role  of  temperature  became  increasingly 
apparent  The  maximum  measured  flame  temperahire  in  the  2.67  kPa,  50  on/s  unbumed 

gas  velocity  that  we  are  modeling,  the  standard  flame,  is  23X)  K.  It  was  of  concern  that  to  obtain 
agreement  between  model  and  e}q)eriment  we  had  to  reduce  the  temperature  profile  from  0%  at  the 
burner  to  10%  at  the  temperature  maximunL  At  greater  cation  masses  it  became  evident  that  even 
a  lower  maximum  temperature,  1700  K,  was  required  to  obtain  agreement.  Reaction  rates  also 
seemed  to  be  too  fast:  large  ions  were  produced  very  earty  in  the  flame  front  Reducing  all  reaction 
rate  coefficients  by  a  factor  of  100  gave  some  improvement  but  confirmed  the  previous  observations 
that  thermodiemi^  plays  the  dominant  role  in  the  mechanism.  The  premise  of  the  model  for  ion 
growth  is  that  the  chemiion,  HCO'*',  which  is  in  great  excess  of  equilibrium,  continues  to  grow  to 
larger  and  larger  ions  Ity  the  addition  of  ace^ene,  diacetylene  and  other  small  neutrals.  Thus  large 
ions  cannot  exceed  the  equilibrium  concentration  calculated  from  the  e:q>erimental  HCO^ 
concentration . 

HCX)'*'  is  not  observed  in  these  very  rich  flames  because  it  reacts  extremety  rapidly  to 
produce  H3O'*',  C3H3'''  and  H5CQ'''  [the  order  of  C  and  H  distinguish  isomers]  which  are  observed 
e:q)erimentally.  Thus  to  determine  the  extent  to  which  equilibrium  was  attained  in  the  model, 
recognizing  t^  odd  carbon  number  ions  and  even  carbon  number  ions  are  produced  in  parallel 
paflis,  initiated  by  C3H3'*'  and  respectively,  we  calculated  the  pseudo>equiIibrium 

concentration  of  the  large  ions  from  the  equilibrium  constant  with  respect  to  C3H3'^  and  H5Cg''', 
using  e:q)erimental  concentrations  of  C3H3''',  C2H2  and  H2.  Because  the  free  energy  of 

formation  increases  rapidly  with  increasing  temperature,  e.g.,  perinaphthenyl  cation,  Af  G  1059 
and  1502  kJAnol  at  500  and  2000  K  respectively,  the  equilibrium  concentration  decreases  with 
increasing  temperature.  At  the  e:q)eriment2d  maximum  flame  temperature,  2020  K,  the  experimental 
concentrations  of  many  of  the  ions  exceed  the  calculated  pseudo  equilibrimn  concentrations.  This 
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cannot  be  true  if  our  premise  is  corre<^  unless  there  is  a  medianism  for  direct^  producing  large 
ions,  e.g^  tiiermal  ionization.  However  this  raises  the  more  difBcult  inverse  question:  how  are  small 
ions  produced  from  large  ions? 

Thus,  for  eadi  observed  ion,  a  flame  temperature  was  calculated  below  which  the 
e:q)erimental  ion  concentration  would  be  less  than  the  pseudo-equilibrium  concentration  with  C3H3''' 
or  CLCg-f.  Some  of  frie  temperatures  are  very  low,  e.g.,  about  1750  K  for  CjiHgH'*’, 
and  C35HjqH'^.  Hie  flame  code  was  run  by  fixing  the  maximum  flame  temperature  at  1700  K  The 
results  are  presented  in  Fig.  1  in  which  the  ratio  of  the  maximum  experimental  concentrations  to  the 
calculated  concentrations  are  presented.  Maximum  concentrations  are  a  good  means  of  comparison 
because  the  calculated  cation  profiles  parallel  the  eaqierimental  profiles  and  are  simply  di^laced  in 
concentration.  The  agreement  between  model  and  cqieriment  is  generally  ocellent,  except  for 
C34HJH'*'.  Any  ratio  less  than  zero,  Le.,  the  bar  to  flie  left  of  zero,  could  be  adjusted  by  reducing 
die  reaction  rate  coefficient,  atwiQrs  an  easy  thing  to  do.  In  the  current  model,  using  1700  K 
maximum  flame  temperature,  the  e:q)erimental  concentrations  are  less  than  the  pseudo-equilibrium 
calculations.  Furdiermore,  the  mole  fractions  calculated  with  the  model  are  also  less  than  given  by 
die  pseudo-equilibrium  calculations,  indicating  that  equilibrium  has  not  been  attained.  These 
differences  become  very  large,  ratios  of  model  to  pseudo-equilibrium  concentrations  are  10*^  to  10*^^ 
for  large  ions. 

Why  C34H7H4''’,  protonated  anthracene,  is  uniquely  underestimated  is  not  presently 
understood.  As  suggested  below,  proton,  l^dride  ion  or  hydrogen  atom  transfer  between  species  may 
be  involved,  but  has  not  yet  been  incorporated  into  the  mechanism.  We  have  restricted  the  reactant 
and  product  species  considered  to  those  which  have  been  observed.  Potential  species  resulting  from 
proton  or  hydrogen  atom  transfer  have  never  been  observed  in  flames.  The  present  mechanism 
includes  35  ions  and  has  been  reduced  to  103  reactions  by  including  only  those  reactions  whidi 
contribute  greater  than  one  percent  to  the  ion  flux.  These  reactions  were  diosen  from  a  data  base 
of  360  ion-molecule  reactions  and  30  ion-electron  recombination  reactions. 

The  major  concern  is  the  need  to  reduce  the  flame  temperature  to  obtain  agreement  The 
following  lines  of  reasoning  are  being  considered:  (1)  The  origirud  premise  is  incorrect  It  is  too 
soon  to  reject  a  concept  that  seems  to  be  consistent  with  a  large  number  of  facts,  and  were  the 
premise  wrong,  why  can  sudi  good  agreement  be  obtained  by  just  altering  the  temperature;  (2)  The 
experimental  temperature  is  inconect  This  is  reject  because  it  cannot  be  incorrect  by  this  large  an 
amount;  (3)  Ihe  thermodiemistiy  msy  not  be  sufficiently  accurate.  The  calculations  are  very 
senative  to  thermodiemistiy  and  with  a  "maximum  uncertain^  of  ±  25  kJ/mol  in  the  enthalpy  of 
reaction"  [Stein,  1983]  and  an  estimated  accuracy  for  entropies  of  reaction  of  +  5  J/moI  K  [Stein, 
1983]  it  offers  an  opportunity  to  improve  the  agreement  Ihis  has  only  been  employed  in  one  case 
where  there  was  a  question  of  the  degree  of  aromatidty;  (4)  The  ion  concentrations  may  be  off,  as 
they  were  very  diffi^t  to  measure.  We  are  examining  this  possibility.  Our  total  ion  concentrations 
obtained  by  L^gmuir  probe  were  in  agreement  with  total  ion  profiles  in  similar  flames  subsequently 
measured  Ity  Delfau,  I^chaud  and  Barrassin  (1979),  and  Homann  and  Stroefer  (1983).  Gerhardt 
and  Homann  (1990)  reported  ion  profiles  in  similar  flames  in  which  the  total  is  about  an  order  of 
magnitude  smaller  than  the  totals  referenced  above.  We  are  combining  the  two  sets  of  data  which 
will  lower  our  concentrations  in  the  region  of  200  u  and  increase  them  above  about  400  u;  (5)  As 
proposed  by  Stein  [Stein;  1983]  the  observed  ions  are  not  the  ions  in  the  flame  but  ions  which  have 
been  formed  in  the  sampling  cone  by  addition  of  a  hydrogen  atom,  where  the  gases  are  cooled  by 
expansion.  This  would  not  alter  the  original  premise,  but  would  complicate  its  interpretation  ly 
adding  a  whole  new  set  of  reactions  to  the  mechanism.  The  proposed  new  ions  are  more  stable  at 
high  temperatures.  Thus,  e.g.,  the  C|4Hj^^'^  ion  might  be  in  eqi^rium: 

C14H10H+  »  q4Hio+  +  H 
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for  whidi  Stein  calculates  an  equilibrium  ion  ratio,  of  1.8  and  550  at  1600  and 

2200  K  re^)ectivefy. 


Equilibrium  calculations  of  soot,  acetylene  and  other  neutral  and  ion  species  are  being 
compared  wiOi  available  measurements  of  such  quantities,  Fig2.  One  of  the  surprising  discoveries 
is  tfa^  wirii  (me  exception,  for  all  flames  compared  thus  far,  soot  and  acetylene  concentrations  are 
in  great  excess  al  equilibrium  and  occur  at  CJO  ratios  belotw  where  soot  is  expected  to  form.  But 
for  the  widety  studied  standard  acetylene  flame,  soot  only  appears  where  predicted  by 
foermodynamics,  and  is  less  than  predicted  by  equilibrium.  Acetylene  concentrations  exceed 
eciuilibrium.  Thus  in  most  flames,  s(X)t  occeeds  equilibrium,  in  the  ace^ene  flame  it  is  1^  than 
equilibrium. 

Immediate  future  plans  are  to  extend  the  model  to  04511^7''',  mass  557.  To  do  this  we  will 
Mtrapolate  the  available  diermodynamic  data  on  large  cations  to  €4511^7'''.  The  thermodynamic  and 
kinetic  data  necessary  to  incorporate  Itydrogen  atom  reactions,  proton  transfer  and  hydride  transfer 
reactions  in  the  melanism  will  also  be  developed  and  incorporated  in  the  data  base.  We  will  also 
seaidi  for  a  more  typical  sooting  flame  to  stucty  on  which  there  is  sufficient  data,  this  will  probably 
be  the  benzene  flame. 

The  following  people  have  participated  in  this  program;  Drs.  RJ.  Gill,  D.G.  Keil,  C.H. 
Berman,  AeroChem,  and  Pro!  F.  Egolfopoulos,  University  of  Southern  California. 
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HGURE  1  COMPARISON  OF  EXPERIMENTAL  (EXP)„^u„  AND  CALCULATED 
(CALC),n3,tj^  CATION  CONCENTRATIONS. 
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HGURE  2  COMPARISON  OF  EXPERIMENT  AND  EQUILIBRIUM  ACETYLENE  AND 
SOOT  CONCENTRATIONS  FOR  ACETYLENE/OXYGEN  FLAME  AT  2.7  kPa  AND 

ETHYLENE/AIR  FLAME  AT  100  kPa. 

Acetylene  flame  data  from  Homann,  etal.  (1965),  Bonne,  etal.  (1965),  and  Wersborg,  etal.  (1975); 
measured  flame  temperature  from  lean  to  rich  2000  to  1900  K.  Ethylene  flame  data  from  Millikan 
(1962),  Harris  and  Weiner  (1983),  and  Bonig,  etal.  (1990);  measured  flame  temperature  scattered 
1650  to  1820  K. 
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DEVELOPMENT  OF  PREDICTIVE  REACTION  MODELS  OF  SOOT  FORMATION 


(AFOSR  Grant  No.  F462(>-94-l-0226) 
Principal  InvestigatcK^:  M.Frenklach 


Fud  Science  Program 

Department  of  Materials  Sdence  and  Engineering 
The  Pennsylvania  State  University 
University  Paik,  PA  16802 


SUMMARY/OVERVIEW: 

The  ultimate  goal  of  this  program  is  to  devdq)  a  predictive  reaction  modd  for  soot  formation 
in  hydrocarbon  flames.  The  spedflc  objectives  of  the  current  3>year  period  are  to  attempt 
modding  of  soot  formation  in  environments  closer  rdated  to  practical  cmnbustors,  like  difliision 
and  turbulent  flames,  and  to  undertake  a  theoretical  investigation  into  the  chemistry  and  physics 
of  soot-particle  surface  processes  and  thdr  rdationship  to  particle  dynamics.  During  ^  past 
year,  progress  has  been  made  in  the  fdlowing  areas:  (1)  Computer  simulations  of  the  effect  of 
pressure  on  soot  formation  in  laminar  ptemixed  flames  were  completed;  (2)  A  reduced  modd  of 
PAH  and  soot  ftxmation  in  turbulent  reactive  flows  was  devdqp^  and  applied  to  simulation  of 
soot  foimaticMi  in  natural-gas  Aided  diesd  cmnbustion. 

TECHNICAL  DISCUSSION 

Pressure  Effect  on  Soot  Formation 

The  ability  to  predict  soot  formation  at  high  pressures  is  of  considerable  interest  because 
most  practical  combustion  devices  operate  at  elevated  pressures.  The  objective  was  to  test 
whether  our  recently  developed  soot  formation  model  ^  is  able  to  account  for  the  formatitm  of 
soot  in  experimental  10  bar  flames  of  Jander,  Wagner  and  co-wOTkers.^  The  computaticmal 
modd  consisted  of  the  following  prindpal  processes:  initial  aromatic  ring  formation  during  small 
hydrocarbon  p3n:dysis  and  oxidation,  growth  of  planar  polycyclic  armnatic  hydrocarbtms  (PAIQ 
through  the  hydrogen-abstraction-acetylene-addition  (HACA)  reaction  mecharusm,  particle 
nucleation  through  coalescence  of  PAHs  into  three-dimensitmal  clusters,  particle  growth  by 
coagulation  and  surface  reacticms  of  the  forming  clusters  and  particles. 

A  recently  updated  SOO-reaction  and  100-q>edes  mechanism  was  used  to  describe  the  initial 
hydrocarbon  pyrolysis  and  oxidation,  and  PAH  formation  and  growth  up  to  cmonene.  The  PAH 
growth  beyond  pyrene  was  described  by  a  replicating  HACA  reaction  sequence.  The  formation 
of  soot  particles  was  assumed  to  be  initiated  by  the  coalescence  of  two  PAH  molecules.  The 
subsequent  growth  of  soot  particles  proceeds  through  particle-particle  and  particle-PAH 
coagulation  and  through  surface  reactions.  Modeling  of  PAH  growth  beyond  pyrene  and  of  soot 
particle  dynamics  was  accomplished  using  the  method  of  moments.^  Particle  coagulation  was 
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assumed  to  be  in  the  free-molecular  regime  and  surface  growth  was  described  in  terms  of 
dementaiy  chemical  reactions. 

Three  10  bar,  burner-stabilized,  ethylene-air  flames  were  selected  for  the  simulation.  To 
examine  the  influence  of  pressure  tm  soot  production,  an  1  bar,  burner-stabilized  flame  was  also 
ctmsidered.  The  kinetic  model  predicted  reasonably  wdl  measured  species  omcentratitxis.  The 
ccxnparison  of  the  computed  and  experimental  profiles  of  soot  vdume  fractions  are  presented  in 
Fig.  1.  Inspectitm  of  this  figure  indicates  that  fte  shape  of  the  experimental  soot  profiles  for  all 
of  the  flames  is  well  predicted  by  the  model.  The  quantitative  agreement  was  obtained  by 
adjusting  a  single  parameter — ^the  fraction  of  soot  surface  sites  available  for  reaction. 

An  important  feature  of  the  present  study  is  that  the  experimentally  observed  effect  of 
pressure  on  so<H  volume  fractitm  is  well  accounted  for  by  the  model.  Experimentally,  Bdnig  et 
al.^  determined  in  ethylene-air  flames  that  the  final  soot  vdiune  fincti(m,/r«^  is  prq)ort[onal  to 

for  P  ^  10  bar.  Above  10  bar,  the  dependence  of  soot  producdcm  (m  pressure  weakens  and /v» 
is  proportional^  toP.  It  was  suggested^  diat  die  weakening  pressure  dependence  is  due  to  the 
increasing  acetylene  consumption  by  soot  surface  reactitms,  Aus  depleting  the  principal  surface 
growth  species.  Analysis  of  the  computational  results  of  the  present  study  indicate  that  die 
consumption  of  acetylene  by  soot  particle  surface  growth  is  insignificant  up  to  10  bar.  The 
influence  of  pressure  cm  soot  production  arises  mainly  frcmi  a  larger  ccmcentration  of  acetylene  at 
high  pressure,  \^ch  affects  both  the  soot  surface  growth  and  the  nucleaticm  of  soot  particles. 

To  understand  the  factcxs  governing  die  observed  pressure  dependence  of  scmt  prcxluction, 
the  rates  of  nucleation,  cmagulaticm  and  surface  growdi  of  the  scxit  particles  were  examined.  As 
described  earlier,  the  present  mcxlel  assumes  that  the  nucleation  of  soot  particles  is  initiated  by 
PAH  coalescence.  Ccmseq  iendy,  the  nucleaticm  rate  depends  strongly  cm  PAH  ccmcentrations. 
Inspection  of  the  computed  results  indicated  that  the  influence  of  pressure  on  the  total 
concentration,  particularly  on  the  concentration  of  acetylene,  has  the  strongest  effect  on  die 
prcxlucticm  of  PAHs  and  hoice  cm  the  nucleaticm  of  scmt  particdes. 

A  secondary  effect  of  pressure  on  the  production  of  PAHs  arises  from  the  pressure 
dependence  of  reaction  rate  coefficients.  This  pressure  effect  arises  frcmi  the  reacticms  whose 
energized  adducts  undergo  collisional  stabilization.  A  test  run  under  the  ccmditions  of  a  10  bar 
flame,  but  with  the  pressure-dependent  rate  coefficients  set  equal  to  those  at  1  bar,  resulted  in  the 
peak  ccmcentration  of  naphthalene  that  is  a  factor  of  4  lower  than  that  computed  with  the  rate 
coefficients  at  10  bar. 

Reduced  Model  for  PAH  and  Soot  Formation 

The  entire  reaction  mechanism — ^from  the  initial  hydrocarbon  to  soot  particles — can  be 
divided  into  three  parts,  each  reduced  with  a  different  method:  small-molecule  reactions 
describing  the  main  combustion  environment  and  the  fcxmation  of  the  first  aromatic  ring;  its 
growth  to  pyrene;  and  nucleation,  growdi  and  oxidaticm  of  soot  particles.  The  former  part,  »nall- 
molecule  chemistry,  is  a  subject  of  continuous  efforts  of  the  research  community;  and  the  latter, 
particle  dynamics,  has  been  addressed  by  us  previously  using  the  method  of  moments.  Here,  a 
reduced  model  for  PAH  formation  and  growth,  the  central  part  of  the  soot-precursOT  chemistry,  is 
addressed. 
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Soot  volume  fraction 


Time  (ms) 


Figure  1.  Comparison  of  model  predictions  and  experimental  data^  fcx  soot  volmne 
fraction  in  laminar  premixed  flames  of  ethylene. 
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An  analytical  expression  rdating  the  concmtrations  of  pyrene  and  b«izene  was  develt^ped 
assuming  a  ccxnbination  of  steady  states  applied  for  the  radii^s  and  paitial  equilibrium  assumed 
fm*  selected  reactitm  steps  in  the  reaction  sequence  of  PAH  growth.  The  accuracy  of  this  reduced 
model  was  tested  by  performing  kinetic  calculations  on  an  individual  fluid  cdl  whose  initial 
coaditions  were  typical  of  those  producing  soot  in  high-pressure  turbulent  combustion.  The 
results,  shown  in  Fig.  2,  indicate  t^  die  reduced  modd  overpredicts  the  pyrene  ccmcentraticm  in 
the  be^nning,  but  gets  closer  to  it  at  times  around  1  ms,  the  average  cdl  reaction  time.  The 
difficulty  of  obtaining  a  more  accurate  reduced  modd  for  the  PAH  reaction  scheme  reades  in  the 
complex  kinetic  bdiavior  of  two-  and  three-ring  aromatic  molecules:  they  accumulate  at  first  and 
then  react  at  the  later  stages  of  reaction.  A  compromise  sdutirm  was  devdoped,  whidi  included 
the  biphenyl  channel,  whose  imprxtance  is  dononstrated  in  Fig.  2. 


Time  (ms) 


Figure  8.  Calculated  mole  fraction  of  pyrene  fmr  the  following  initial  craiditions  of  a  single 
fluid  cdl:  Pq  -  39  atm,  7o  =  1954  K,  3.68,  pyrene  mde  fraction  9.3x10*12. 
a)  Computed  with  the  fiill  reaction  scheme  for  PAH  growth,  b)  The  same  as  (a) 
but  without  the  biphenyl  reacticm  channel,  c)  Crxnputed  with  the  reduced  model  of 
PAH  growth. 
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SUMMARYA)VERVIEW 

Agglomerated  particulate  structures  of  variable  degree  of  complexity  occur  in 

environments  such  as  combustion  systems,  and  atmospheric  and  colloidal 
dispersions.  In  particular,  combustion  generated  soot  particulates  have  wide 
ramifications  in  radiative  transfer  from  luminous  and  pollution  control.  Yet  there 
are  difriculties  for  a  complete  in-situ  characterization  of  the  agglomerate 

morphology  due  to:  a)  lack  of  knowledge  of  the  physiochemical  propenies  of  the 
primary  particles  and  b)  suitable  theoretical  models  for  the  data  inversion.  The 

objective  of  this  study  is  to  remove  these  difriculties  by  developing  both  the 
experimental  and  theoretical  framework  for  determining  the  agglomerate 
morphology  and  dynamics  under  in-situ  conditions.  Towards  ^is  end  it  has  been 
shown  that  the  agglomerated  soot  structures  do  not  satisfy  the  reciprocity  relations 
and  an  exact  formulation  has  been  developed  for  the  internal  field  of  an  assembly  of 
particles  which:  (a)  satisfies  the  energy  conservation  requirement  (b)  accounts  for 

self-contribution  and  multiple  scattering  field  effects  (c)  is  invariant  to  coordinate 
transformation  and  is  particularly  useful  for  soot  and/or  other  paniculate 
diagnostics  at  wavelengths  UV.  The  new  formulation  results  in  99%  reduction  in 
computational  demand.  In  addition  experiments  are  being  developed  that  allow  in- 
situ  measurements  of  the  anisotropic  propenies  of  the  agglomerates  along  with  the 
generation  of  specific  panicles  shapes  such  as  straight  chains. 

TEC3IN1CAL  DISCUSSION 

a.  Analysis 

There  are  two  methods  for  the  study  of  the  characteristics  of  flame  paniculates:  ex- 
situ  and  in-situ.  The  ex-situ  method,  although  simple  to  use,  possesses  disadvantages 
because  the  sampling  process  penurbs  the  flow  Held,  and  the  sampling  probes  may 
not  sustain  adverse  temperatures  and/or  reactive  conditions.  The  in-situ  technique 
though  more  complex,  can  yield  valuable  information  about  the  size  and  shape  of  the 
panicles.  In  this  respect  it  should  be  noted  that  Jones  formulation  [1,2]  for  the 
predictions  of  light  scattering  propenies  from  assemblies  of  Rayleigh  size  panicles 
has  been  used  by  several  investigators  in  recent  years  especially  in  the  context  of 
analysis  of  scattering/absorption  measurements  from  sooting  flames.  Because  for 
most  sooting  flames  the  primary  panicles  are  sphere-like  and  conducting,  Jones 
formulation  was  very  well  suited  for  data  inversion  [3-5].  Jones  solution  [1]  has  been 
corrected  for  the  appropriate  representation  of  the  complex  refractive  index  of  the 
panicles  [6]  as  well  as  for  the  extinction  efficiency  factors  [7].  In  addition  in  the 
course  of  this  study  it  was  demonstrated  [8]  that  the  agglomerated  structures  do  not 
satisfy  the  reciprocity  relations  and  this  provides  an  additional  diagnostic  tool  both 
for  sooting  flames  and  colloidal  dispersions.  In  this  study  a  detailed  approach  is 
undenaken  that  utilizes  Saxon’s  integral  equation  [9]  to  arrive  at  a  general  form  for 
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the  governing  equation  of  the  internal  Held  of  an  assembly  of  particles  which 

satisfy  the  Rayleigh  approximation  and  the  energy  conservation  requirement. 

For  an  assembly  of  N  small  spheres  in  the  Rayleigh  approximation,  Jones  [1]  obtained 
a  set  of  linear  siptultaneous  equations  in  the  form 

**(*■/)  “i+J  +  2  ikRjfTjjEirj)  (1) 

I  = 

These  equations  can  be  solved  for  the  three  rectangular  field  components  (Ex.  Ey,  Ez) 
of  any  particle  in  the  agglomerate.  This  formulation  has  been  utilized  for  data 
inversion  [3-5]  and  it  has  been  generally  assumed  that  the  agglomerated  structure  is 

randomly  oriented  with  respect  to  the  incident  wave.  This  assumption  makes  it 
necessary  to  perform  computations  of  the  respective  scattering  quantities  over  a 
large  number  of  orientations,  typically  600  or  more  for  a  flame  soot  agglomerate  [4]. 
and  average  the  results.  As  the  number  of  primary  particles  in  the  agglomerate 
increases,  this  process  becomes  computationally  cumbersome.  To  circumvent  this 

difficulty,  let  us  rewrite  equation  (1)  in  matrix  form,  namely 

ME  =  B,  (2) 

where  M  is  a  3N*3N  matrix.  E  and  B  3N*1  matrices  representing  the  unknown 
internal  field  and  the  incoming  wave,  and  N  is  the  number  of  particles  in  the 
agglomerate.  Conventionally,  this  linear  system  of  equations  is  solved  in  an 
incident-measuring  coordinate  system,  see  Fig.  1.  Instead  let  us  fix  the  agglomerate 
in  the  coordinate  system  (x',y',z')t  which  will  refer  to  as:  the  structural  coordinate 
system.  Then  matrix  M  is  invariant  while  B  varies  as  the  structural  system  (x'.y'.z') 
rotates.  By  rotating  the  incoming  wave  instead  of  the  agglomerate,  we  need  to 
establish  M  and  solve  its  inverse  matrix  only  once  for  a  solution  for  the  scattering 
field  matrix  M  needs  to  be  set  up  and  inverted  only  once  instead  of  100  times.  This 

reduces  the  computational  demand  by  approximately  99  percent  when  solving  for  the 
internal  field.  It  should  be  noted  that  the  selection  of  the  structural  coordinate 
system  is  based  on  the  invariance  of  the  governing  equation  (1).  Noting  that  T  in 
vector  equation  (1)  must  be  a  tensor  let  us  consider  the  cartesian  coordinate  system 
in  Figure  1.  A  second  order  tensor  satisfies  the  relation  [10] 

Tj,  =  i  i  orT=ATA‘  (3) 

msl  n=l 

where  Ty.  T'mii  are  elements  of  tensor  T  under  xyz  coordinate  system  and  the  primed 
system  respectively,  and  aim,  ajn  are  elements  of  matrix  A.  With  this  definition  of  T' 
matrix  a  general  form  of  the  internal  field  equation  is  obtained  [10]: 

E(A)=Ei«(A)+^[-3+2i(«f^)^J»i(kR^)]E(A) 

The  coefficients  preceding  E(A)  on  the  right  of  equation  (4)  is  the  complete  form  of 
self-contribution  field  term  whereas  the  coefficients  of  TE(B)  account  for  multiple 
scattering  effects.  The  scattered  field  from  an  adjacent  sphere  B  may  be  shown  to  Ire 
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Using  this  form  of  the  scattered  fleld  along  with  the  deflnition  of  the  scattering 
cross-section  it  can  be  shown  [10]  that 


*  Q  -  C-a  +  ^  A  Wk  -  f  2|E/f  [lm(fo)+2af2  ^(Of)].  (6) 


where  Jf,,  =  (3  — 2ix^/^(jc))J  the  extinction  cross  section  Ce 
the  optical  theorem  as 


N 


(«-l)S  Ej  El 


me 


is  given  in  accordance  with 


(7) 


and  the  absorption  cross  section  Ca  is 

C^=AnR^jiix)lm(e-l)J,  |e/ . 

J=i 


(8) 


When  j;  is  approximated  by  kR/3  or  x/3.  equations  (7)  and  (8)  reduce  to  the  more 
familiar  form  of  Ca  and  Q. 

A  detailed  comparison  of  the  present  solution  with  the  original  Jones  solution  [1],  the 
Purcell  &  Pennypacker  (P-P)  solution  [11].  its  later  development  by  Goedecke  & 
O’Brien  (G-0)  [12],  and  the  Iksander.  Chen  &  Penner  (I-C-P)  [13]  solution  in  terms  of: 
(i)  energy  conservation  requirement,  (ii)  self-contribution  term,  (iii)  multiple 
scattering  factor,  (iv)  conformity  to  coordinate  rotations,  and  (v)  the  volume  biement 
is  presented  in  Ref  [10].  The  present  solution  degenerates  into  the  I-C-P  formulation 
when  ji(x)  is  approximated  vnth  x/3:  it  further  reduces  to  the  G-0  formulation  after 
the  self-contribution  term  is  approximated  to  its  third  order  and  the  P-P  or  the 
original  Jones  solution  if  the  self-contribution  term  is  approximated  to  its  first  order. 
In  addition  it  was  found  that  only  the  present  solution  and  the  G-0  solution  satisfy  the 
energy  conservation  requirement.  Specifically  equation  (6)  reveals  that  the  energy 
balance  will  be  violated  if  approximations  of  Fo  (self  contribution  term)  and  jj  (field 
interaction  term)  are  incompatible.  Since  a  compatible  approximation  requires  that 
Fq  is  two  orders  higher  than  jj,  the  lowest  order  compatible  approximation  of  j’l 

should  be  x/3  and  Fq  should  be  (l  — JC^— .  The  (I-C-P)  and  the  (G-0)  results  were 

found  to  be  within  1  percent  of  the  exact  result  for  Xp  parameters  up  to  0.2  (Fig.  2). 
For  larger  size  parameters  the  differences  become  more  pronounced.  Considering 
also  that  the  I-C-P  solution  does  not  obey  the  energy  conservation  law,  the  third 
order  approximation  of  the  general  form  should  be  used  for  primary  particle  size 
parameters  less  than  O.IS.  For  larger  size  parameters,  higher  order  compatible 
approximations  of  the  exact  solution  or  the  exact  solution  itself  can  be  utilized.  Such 
will  be  the  case,  for  example,  when  the  interaction  of  laser  light  in  the  deep  uv  part 
of  the  spectrum  (»  .275  |Xm)  is  to  be  used  for  flame  soot  studies  or  similar  applications 
where  the  size  parameters  will  be  of  the  order  of  0.3  or  higher. 

b.  E?tpcicimtntal 

Experiments  are  being  developed  to  allow  the  in-situ  determination  of  the  rotational 
diffusion  coefficient  and  aspect  ratio  of  agglomerated  structures.  The  experimental 
set-up  (Fig.  3)  includes  a  CO-AIR  flame  doped  with  iron-pentacarbonyl  Fe(CO)5  vapor. 
As  may  be  seen  from  the  attached  electromicrographs  the  system  produces  chain¬ 
like  aggregates.  Evident  is  the  variability  of  primary  particle  size  within  a  chain  as 
well  as  the  distribution  of  the  aspect  ratio.  Work  is  under  way  to  determine  the  aspect 
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ratio  of  the  chain-like  aggregates  from  the  rotational  depolarized  optical  spectrum  at 
0.488  4m. 
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TRANSPORT  PHENOMENA  AND  INTEEFACIAL  KINETICS 
IN  MULTIPHASE  COMBUSTION  SYSTEMS 

AFOSR  Grant  No.  94-1-0143 


-  Principal  Investigator.  Daniel  E.  Rosner 

iCaaii  High  Temperature  Chemical  Reaction  Engineering  Laboratory 
■  Department  of  Chemical  Engineering,  Yale  Unive  rsity 

New  Haven.  CT  06520-8286, USA 

SUMMARY  /  OVERVIEW 

The  perfomumce  of  ramjets  burning  slurry  fuels  (leading  to  oxide  aerosols  and  deposits),  and  gas  turbine 
engines  in  dusty  atmospheres  dqwnds  upon  the  formation  and  transport  of  small  particles,  often  in  non-isothermal 
combustion  gas  boundary  layers  (BLs).  Even  airbreathing  engines  burning  "clean”  hydrocartx>n  fuels  can  experience 
soot  formation/deposition  problems  (e.g.,  combustor  liner  burnout,  turbine  blade  erosion,...)-  Moreover,  particle 
framation  and  transport  are  inqiortant  in  chonical  reactors  used  to  synthesize  or  process  aerospace  matgriak  (turbine 
coatings,  optical  waveguides,  ceramic  precursor  powders,...).  Accordingly,  our  research  is  directed  toward  providing 
chemical  propulsion  system  and  aero^ace  materials  engineers  with  new  techniques  and  quantitative  information  on 
inqKxtant  particle-  and  vapor-mass  transput  mechanisms  and  rates.  An  interactive  experimental/themetical  aiqsoach 
is  being  used  to  gain  an  understanding  of  perftnmance-limiting  chemical-,  and  mass/energy  transfer-phenomena  at  or 
near  interfaces.  This  includes  the  development  and  exploitation  of  seeded  laboratory  burners  (Fig.  1),  flow-reactors 
(Fig.  5),  and  new  diagnostic/characterization  techniques  (Hg.  3).  Resulting  experimental  data,  together  widi  the 
predictions  of  asymptotic  theories,  are  dien  used  to  propose  and  verify  simple  viewpoints  and  rational  engineering 
correlations  (Hgs.  4,5,8)  for  future  design/optimization. 


TECHNICAL  DISCUSSION  /  RECENT  RESEARCH  PROGRESS 

1 .  FORMATION,  TRANSPORT  AND  STABHITY  OF  CX)MBUST10N-GENERATED  PARTICLES: 

SEEDED  LAMINAR  COUNTERFLOW  DIFFUSION  FLAME  EXPERIMENTS 

Based  on  our  recent  measurements  of  the  thermophoretic  diffusivity  of  flame-generated 
submicron  "soot"  particles  using  a  TiCl4(g)-seeded  low  strain-rate  counterflow  laminar  difhision 
flame  (CDF-)  tec^que  (Gomez  and  Rosner,  1993)  we  showed  that  a  knowledge  of  the  relsdive 
positions  of  the  gas  and  particle  phase  stagnation  planes  and  the  associated  local  chemical 
environments,  can  be  used  to  control  the  composition  and  morphology  of  flame-synthesized 
particles.  These  factors  will  also  influence  particle  production  and  radiation  from  turbulent  non- 
premixed  "sooting"  flames. 

To  obtain  fundamental  information  on  the  nucleation,  growth  and  restructuring  kinetics  of 
flame-generated  aggregates,  during  this  past  year  we  have  exploited  an  improved  "slot-type" 
burner  seeded  with  the  Ti02(s)  vapor  precursor:  titanium  tetra-iso-propoxide  (TTIP)  (Fig.  1)  to 
carry  out  in  situ  measurements  of  aggregate  dynamics  and  morphology  evolution.  For  die  latter 
we  use  the  morphology-insensitive  thermophoretic  sampling  technique  (Rosner,  Mackowski  and 
Garcia- Ybarra,  1991)  with  carbon  film-coated  copper  griefrto  extract  aggregates  from  various 
positions  in  the  seeded-CDF  for  morphological  an^ysis  using  transmission  electron  microscope 
(TEM-)images  (Fig.  2a).  Aggregate  data  obtained  from  CH4  flames  seeded  wiA  TTIP-  vapor  are 
now  being  obtained  and  andy^  using  the  theoretical  methods  briefly  oudined  in  Section  2. 
Apart  from  characterizing  the  fractal  dimension,  Df,  of  aggregates  sampled  from  various  points 
within  the  CDF,  we  are  currently  examining  the  (flstribution  of  the  angles  between  triplets  of 
primary  particles,  based  on  their  projected  TEM  images.  When  corrected  for  the  fact  that  the 
centroids  of  the  particles  comprising  the  aggregate  are  not  all  in  one  plane,  we  believe  these 
histograms  will  be  useful  to  characterize  the  degree  of  aggregate  restructuring  of  moderate  size 
aggregates  in  high  temperature  flames  (see  Section  2  and  Cohen  and  Rosner,  1993, 1994). 


t  AFOSR  Contractors'  Mtg  :  Propulsion/Airbreathing  Combustion,  June  8-10,  1994,  Tahoe  NV 
t  For  research  collaborators  consult  REFERENCES 
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2.  TRANSPORT  AND  RESTRUCTURING  PROPERTIES  OF  FLAME-GENERATED 

AGGREGATES;  THEORY 

The  ability  to  reliably  predict  the  transport  properties  and  morphological  stability  of 
aggregated  flame-generated  particles  (carbonaceous  soot,  AI2O3,  Si02,— )  is  important  to  many 
technologies,  including  chemical  propulsion  and  refractory  materials  fabrication.  Needed  are 
methods  to  anticipate  coagulation  and  ultimate  deposition  rates  of  suspended  populations  of  such 
particles  in  combustion  systems.  Toward  this  end  we  are  developing  efficient  methods  for 
predicting  the  transport  properties  of  large  'fractal'  aggregates  via  a  spatially  variable  effective 
porousity  pseudo-continuum  model .  Since  "young"  sm^l  aggregates  are  frequently  "stringy" 
(fractal  dimensions  much  less  than  2)  we  are  also  introducing  an  aggregate  statistical 
characterization  based  on  the  pt^of  angles  between  triplets  of  primary  particles  (Fig.  3  a,b),  and 
developing  methods  to  predict  the  evolution  of  such  p^  due  to  the  restructuring  mechanisms  of 
Brownian  motion,  surface  energy  driven  viscous  flow,  and/or  capillary-condensation  (Cohen 
and  Rosner,  1993,1994).  Indeed,  these  factors  determine  the  observed  size  of  the  apparent 
"primary"  particles  comprising  soot  particles,  and  the  "collapse"  of  surface  area  observed  in  some 
high  temperature  systems. 

These  new  methods/results,  together  with  our  recent  estimates  of  the  spread  of  aggregate 
sizes  in  coagulating  populations,  are  now  being  used  to  predict  particle  capture  rates  on  solid 
surfaces  by  the  mechanisms  of  convective-diffusion,  turbulent  eddy-impaction,  and 
thermophoresis  (Rosner,  Tassopoulos  and  Tandon,  1993,1994).  Also  under  development  are 
methods  to  predict  interactions  tetween  aggregates  and  their  surrounding  vapor  environment — 
interactions  which  can  lead  to  primary  particle  growth,  or  bum-out.  Toward  this  end,  we  have 
also  developed  new  and  efficient  method  to  predict  the  "accessible  surface  area"  of  populations 

of  aggregates  (expressed  as  a  fraction ,  iipop,  of  the  true  total  surface  area  in  Fig.  4),  including  its 

dependence  on  mean  aggregate  size  (N) ,  probing  molecule  reaction  probability  a,  and  pressure 
level  (via  Knudsen  number  based  on  primary  particle  diameter)  for  aggregates  of  a  prescribed 
structure  (fractal  dimension,  Df).  Figure  4  shows  the  results  of  applying  to  a  log-normal 

population  of  aggregates  our  "effective  Damkohler  number”  correlation  approach  to  calculate  r\ 
for  each  individual  aggregate  (Rosner  and  Tandon, 1994)  in  the  population. 

We  are  now  carrying  out  theoretical  studies  on  the  stmcture  of  thin  reaction-nucleation- 
coagulation  'sublayers'  within  laminar  mixing-  and  boundary-  layers  (Fig.7  below),  including 
stagnation  flows  similar  to  those  achieved  in  our  counterflow  burner  (Fig.  1)  and  CVD- 
impingement  flow  reactor  (  Fig.  5  ).An  account  of  our  recent  studies  of  the  unusual  population 
dynamics  of  coagulating  alko^ing-emitting  particles  in  strong  radiation  fields  will  be  found  in 
Aerosol  Sci.  TecA.  (Mackowski  et.al.,  1993).  For  a  useful  overview  of  our  work  on  these  and 
other  effects  of  energy  transfer  on  suspend^  particle  dynamics,  see  our  lEC-Research  paper: 
Rosner,  et.  a/.,  1992. 

3  FORMATION  KINETICS  AND  MORPHOLOGY  OF  CVD-MATERIALS:  THEORY  OF  MULTI-PHASE 

WITH  NUCLEATION,  GROWTH  AND  THERMOPHORESIS 

A  small  impinging  jet  (stagnation  flow)  reactor  (Fig.  5)  has  been  used  to  study  the 
chemical  vapor  deposition  (CVD-)  rates  of  refractory  layers  on  inductively  (over-)heated 
substrates  in  the  presence  of  complicating  homogeneous  reactions  of  the  vapor  precursor.  These 
measurements  are  being  used  to  understand  deposition  rates  and  associated  deposit 
microstructures  observed  in  highly  non-isothermal,  often  particle-containing  local  CVD 
environments.  Figure  6  shows  (logarithmic  ordinate)  our  apparent  deposition  probability  vs. 
reciprocal  surface  temperature  for  Ti02(s)  films  obtained  from  'lTlP(g)  over  the  broad  surface 
temperature  range;  6(X)-16(X)K.  A  mathematical  model  incorporating  finite-rate  reagent  depletion 
near  the  hot  surface  c^tures  the  experimentally  observed  deposition  rate  trends  (Fig.  6;  curve 

marked  Damhom  =Ahoin8^rf5=  S.TxKy^).  A  more  detailed  mathematical  model  (Tandon  and 
Rosner,  1994)  tracks  the  size  distributions  of  nucleated  particles  within  such  BLs  (Fig.  7), 
including  the  particle+vapor  "co-deposition"  rate  at  the  surface  y=0. 

Mssing  from  previous  predictions  of  film  deposition  rates  has  been  essential  information 
about  deposit  microstructure  and  ancillary  thermophysical  properties.  Toward  this  end  we  have 
investigated  the  possibility  of  a  rational  correlation  of  vapor  deposit  grain  densities  based  on  the 
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notion  that  close-packed  dense  deposits  should  be  possible  only  when  the  characteristic  time  for 
adatom(molecule)  surface  division  is  short  compared  to  the  time  for  surface  reaction  and 
"burial".  Our  preliminary  results  (Fig.  8;  after  Kho,  Collins  and  Rosner,1994)  are  encouraging 
and  the  addition  of  further  relevant  characteristic  times  to  our  scheme  may  open  the  door  to  the 
corelation/'anticipation'  of  other  important  deposit  characteristics. 

CONCLUSIONS,  FUTURE  RESEARCH 

In  our  1993-1994  OSR-sponsoied  Yale  HTCRE  Lab  research  (briefly  described  above,  and  in  greater  detail 
in  the  archival  references  cited  and  updated  below)  we  have  shown  that  new  methods  for  rapidly  measuring  vapor- 
and  particle-mass  transfer  rates  ,  combined  with  advances  in  multiphase  transport  theory,  provide  useful  means  to 
identify  and  incorporate  important,  often  previously  neglected,  transport  phenomena  in  propulsion/materials 
engineering  design/  optimization  calculations.  As  indicated  in  Section  2,  we  are  now  extending  our  work  on 
transport  effects  involving  aggregated  particles  to  include  their  stability  (with  respect  to  high  temperature 
restructuring,  leading  to  a  loss  of  surface  area).  For  this  purpose  an  improved  CDF  burner  has  been  employed  (Fig. 
1),  along  with  supplementary  optical  and  thermophoretic  sampling/TEM  diagnostics  (Figs.  2,3) .  These  techniques, 
togeflier  with  closely  coupl^  theoretical  calculations  of  particle  birth/dynamics  in  mixing/boundary  layers  (Fig. 
7) ,  promise  to  lead  to  a  valuable  understanding  of  combustion-generat^  ultra-fine  particles  and  Aims  (including 
their  deposition  or  erosion  (Rosner  and  Tandon,  1994,  Kho,  Rosner  and  Tandon,1994)). 
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andRosaer.  1993)  idealization (b) (after Alba^ Xing  andRosner,  1994) 
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IRg.  3  Distribution  of  angles  (projected)  between  touching 
’primary*  particles  in  sample  of  7  multiparticle  aggregates 
thenn^itKxetically  extracted  ftom  two  locations  on  nTjHjyH- 
side  of  laminar  CDF  seeded  with  TTIP:  a)  5  mm  from 
flame,  b)  2  mm  from  flame  (after  Albagli,  Xing  and 
Rosner,  1994;  see,  also,  Cohen  and  Rosner,  1993.1994)) 


Fig.4  Predicted  accessible  area  fraction  for  a  population  of 
aggregates  via  "porous  sphere"  model  of  each  line  fractal 
aggregate  (Dfs2.S)  in  the  high  pressure  limit ;  N  is  mean 
number  of  primary  particles  per  aggregate  and  a  s 
probability  for  gas/sufarx  reaction  (after  Rosner  and  Tandon, 
1993) 
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Rg.  7  Precticted  local  size  distributions  of  particles  nucleated 
widrin  tfaennal  boundaiy  layer  near  hot  d^sition  surface. 
v/8itf  -  relarive  position  in  LBL;  v/v]  s  pi^cle  volume  in 
monomer  volume  units  (after  Tandon  and  Rosoer,  1994) 


Fig.  8  "Universal”  correlation  of  experimentally  iqxMted  solid 
deposit  densities  based  on  a  Damkohler  numbm  ("burial" 
parameter)  coll^)aring  the  characteristic  times  for  surface 
reaction  and  surface  diffusion  (after  Kho,  Collins  and 
Rosner.1994) 
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SnniBiary/Overview: 

The  objective  of  this  research  is  to  explore  the  transcritical  behavior  of  vapwizing  and  burning 
drofriets.  By  diis  is  meant  the  behavior  of  droplets  injected  at  siqtercritical  pressures  but  initially  at  a 
sobcrilical  temperature,  n4uch  then  undergo  a  transition  to  a  supercritical  state  as  diey  are  he^ed  in  a  hot 
environment  An  experimental  iq;ipiooch  is  taken  using  a  fiee  droplet  technique,  whereby  monodisperse 
droplets  are  studied  as  they  Call  fineely  in  a  pressure  chamber.  At  present  Raman  visualizations  ci  VOX 
dro|dets  Calling  in  a  high  pressure  tube  ate  being  performed.  The  goal  is  to  measure  velocity  fidds 
and  temperature  and  spedes  concentration  profiles,  measurements  that  have  not  previously  been  available. 
In  addition,  a  simple  yvay  to  simulate  the  defamation  and  breakup  behavior  of  zero  surface  tension 
drrqtlets  has  also  been  explored,  in  which  one  liquid  is  injected  into  another  miscible  liquid.  The  results 
confirm  that  breakiqt  regunes  of  zero  surface  tension  drqtlets  depend  on  the  Reynolds  number. 

Anfliors:  D.G.  Talley,  RD.  Woodward,  and  J.C.  Pan 

Technical  DiscossioD: 


Background  and  Objectives 

Reducing  the  cost  of  future  Air  Face  roded  and  aiibreathing  propulsion  systems  requires  an 
improved  understanding  of  combustion  fundamentals.  In  large  rocket  engines,  for  example,  an  error  of 
even  a  fraction  of  a  percoit  in  predicted  combustion  efficiency  can  magnify  into  a  change  in  pa^oad 
cqnbility  worth  millions  of  dollars  per  launch.  Saving  the  necessity  for  even  one  engine  test  during 
engine  d^lopment  can  be  worth  many  hundreds  of  thousands  of  dollms.  Needs  exist  to  better  undostand 
and  predict  mechanisms  leading  to  combustion  performance,  chamber  wall  and  injector  facqtlate  heat 
transfer,  and  combustion  instabilities.  This  is  partiddariy  true  in  high  pressure  systems  which  exceed  the 
critical  pressure  of  die  prqiellants.  In  many  cases  the  fuel  or  oxidant  (Uquid  oxygen  in  rocket  propulsion 
systems)  is  injected  at  supercritical  pressures  but  initially  at  a  subcridcal  temperature.  The  propellant  then 
undergoes  a  transition  to  a  supercritical  state  as  it  is  h^ted  and  burned  in  the  combustion  chamber— the 
so-called  transcritical  process.  Compared  with  the  analogous  subcritical  case,  transcritical  and 
stqpercritical  injection  and  combustion  remains  relatively  poorly  understood. 

Drqilets  remain  the  simplest  and  most  easily  studied  of  ^ray  systems,  and  despite  the  added 
complexities  of  full  fledged  quays  many  of  the  interfacial  transport  and  breakup  mechanisms  applicable  to 
them  can  be  understood  fr^  single  droplets.  The  goal  of  this  work  is  to  b^ter  understand  these 
applicable  medianisms  for  transcritical  spray  injection,  through  a  better  understanding  d  drqilet 
processes.  There  ate  a  niunber  of  differences  from  the  subcritical  case  that  need  to  be  addressed. 
Gas/liquid  density  ratios  are  near  tmity,  so  the  quasi  steady  gas  phase  assumption  commonly  employed  in 
subcritkal  studies  is  no  longer  valid.  The  eqi^brium  *Sret  bulb”  condition  may  also  not  exist  Thus 
transcritical  dnqilet  vqiorization/combustion  is  a  fiilly  unsteady  phenomenon.  The  computation  of 
prrqrerties  becomes  significantly  more  complicated  in  that  prxqierties  such  as  diffusion  coefficients  become 
functions  of  pressure  as  well  as  temperature,  and  the  solu^ity  of  the  gas  phase  in  ntid  phase 
increases  sigrtificantly.  The  latter  effect  can  mean  that  tire  effective  critical  pi.:ssure  of  th .  e  mixture 
can  be  several  times  the  critical  pressure  of  the  pure  phase.  Other  property  anomalies  can  <  to  singular 
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behavior  near  the  critical  condition.  For  instance,  the  burning  rate  has  been  observed  to  reach  a  nuoimum 
near  the  critical  pressure,  and  the  potential  to  ooiq)le  with  combustion  instabilities  may  be  increased.  The 
snrfice  tension  also  vanidies,  potentially  leading  to  significantly  different  droplet  deformation  and 
breabq)  mechanisms.  These  httet  mechanisms  can  be  particularly  important  because  they  have  a  direct 
effect  on  mixing. 

Past  experimental  studies  of  transcritical  droplet  processes  have  been  mosdy  limited  to  global 
measurements  such  as  the  variation  of  droplet  lif^imes  and  burning  times  as  a  function  of  ptessoie  [1-4]. 
While  useful,  Aese  provide  an  incomplete  picture  of  the  transport  and  breakup  mechanisms  that  can 
contribute  to  mixing  and  the  potential  to  couple  wiA  combustion  instabilities.  On  the  other  hand,  the 
theoretical  understanding  of  transcritical  droplet  vapmization,  combustion,  and  breakup  has  advanced 
significantly  in  recent  years  due  to  the  introduction  of  new  models  [5,6].  However,  Aese  remain 
unverified  experimentally.  The  objective  of  this  wc^  is  to  provide  detailed  measurements  of  transcritical 
droplet  flow  fields  and  temperature  and  composition  profiles  Aat  can  be  used  to  validate  these  models,  as 
well  as  to  develop  semi-empitical  correlations  for  dir^  use  in  comprehensive  engine  design  codes.  These 
measurements  will  be  performed  boA  in  quiescent  environments  and  in  the  presence  of  acoustic 
disturbances  representative  of  combustion  instabilities. 

Drop  Generation  md  Diagnosrics 

Detailed  measurements  of  droplet  flow  fields  and  temperature  and  compositkm  profiles  are  bdieved 
to  be  feasible  through  a  combination  oi  1)  precise  control  of  the  droplet  generation  process  to  achieve 
rqjeatable,  monosized  droplets,  and  2)  incorpcaation  of  ‘*drop  slicing”  [7]  and  oAer  innovative  droplet 
diagnostic  techniques  that  have  recaidy  been  developed.  Ptogr^  in  these  two  areas  is  summarized  bdow. 

Since  the  primary  application  at  the  Phillips  Laboratory  is  rodeet  propulsion  where  the  transcritical 
fluid  is  liquid  oxygen,  a  piezoelectric  droplet  genmator  has  been  develop  which  is  crqxAle  oi  producing 
a  monodisperse  stream  of  cryogenic  droplets  at  high  pressures.  As  of  Ae  date  of  this  writing,  Ae  generator 
has  successfully  produced  monodisperse  streams  of  liquid  nitrogen  and  liquid  oxygen  droplets  in  an 
acoustically  excited  Rayleigh  breakiqi  mode  at  pressures  to  700  psi.  Extension  to  higher  pressures  is  in 
progress,  and  will  be  reported  at  Ae  meeting,  llie  generator  has  also  successfully  oipcmtei  in  a  drop-on- 
demand  mode  for  hydrocarbon  and  water  droplets  at  atmospheric  pressure,  but  the  severe  heat  transfer 
environmoit  has  so  far  precluded  operating  in  this  mode  wiA  cryogenic  fluids.  DttqMxi-demand 
operation  at  elevated  pressures  has  not  yet  been  attempted  for  non-cryogenic  fluids. 

Advanced  droplet  diagnostics  have  been  under  development  for  a  number  of  years  imder  AFOSR  and 
Phillips  Laboratory  funding  by  several  researchers  [7-9].  These  <iave  been  limited  almost  exclusively  to 
subcritical  drqrlets.  Aj^licatiofl  of  Aese  and  other  techniques  is  currently  being  evaluated  in  a 
collaborative  effort  wiA  Ae  United  Technologies  Research  Li^itter.  Promising  candidates  will  be  fiirAer 
exercised  at  the  Phillips  Laboratory.  At  present,  Raman  imaging  appears  attractive  at  high  pressures  due 
to  Ae  iiKxeased  signal  Grom  the  high  molecular  number  density,  and  can  potentially  provide  boA  qiecies 
and  temperature  measurements.  Raman  imaging  of  LOX  droplets  at  high  pressures  is  currently  being 
perform^  in  the  UTRC  shodr  Abe  facility  by  one  of  Ae  auAors  (Woodward).  Results  will  be  rqjorted  at 
the  meeting. 

Deformarion  and  breakup  of  zero  surface  tension  fluid  particles 

As  mentioned  previously,  deformation  and  secondary  breakup  of  dit^lets  contributes  directly  to 
mixing.  UnderstanAng  this  process  for  transcritical  droplets  as  the  droplet  surface  becomes  critical  and 
surface  tension  vanishes  is  one  of  the  important  unknowns  to  be  addtes^  in  this  work.  In  parallel  with 
the  above  experimental  effort,  an  extraordinarily  simple  and  inexpensive  way  to  produce  zero  surface 
tension  droplets  in  simulation  oi  transcritical  droplets  has  also  been  explored.  The  results  are  summarized 
below.  Rrst,  however,  some  theoretical  considmations  will  be  presented.  In  view  of  the  highly 
nonspherical  shapes  of  zero  surface  tensi(Hi  “droplets,”  Aey  will  hereinafter  be  referred  to  as  “particles,” 
while  the  surrouridings  will  be  refetied  to  as  the  “fluid.” 
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Defionnatkxi  and  breaki^  of  particles  is  largdy  characterized  by  the  following  primitive  variables:  the 

fluid  and  particle  densities/^  and  (the  subscript  *Y>’’ refers  to  the  particle  and  a  lack  of  subscript  refers 

to  the  surrounding),  the  fluid  and  particle  viscosities^  and  the  particle  size  D,  the  particle-fluid 
rebdive  velocity  V,  the  particte acceleradoa  a,  and  the  surface  tension  (T.  These  are  typically  grouped  into 
the  fidlowing  five  dinM^onless  variables: 


Density  ratio: 

(1) 

Viscosity  ratio: 

(2) 

Weber  number. 

Wc  =  pDVUo 

(3) 

Eotvos  number. 

Eo  =ap^D*  la 

(4) 

Reynolds  number 

Ro  =  pVDlti^ 

(5) 

Alternatively,  the  Ohnesorge  number. 


Oh  =  /i,/(p,D<r)‘" 


can  be  used  in  {dace  of  one  of  these 

numbers,  but  not  in  addition  to  them  in  view  of  the  relationship  ^  ^  surface  tension 

vanishes,  bodi  We  and  Eo,  as  wdl  as  Oh,  become  infinite,  and  these  numbers  no  longer  become  useftiL 
The  effect  of  acceleration  is  then  more  effectively  described  by  taking  the  ratio 


EolWe^DtiaD/V^) 


(6) 


where  the  number  oD /V^  is  a  ratio  of  hydrostatic  forces  in  the  droplet  caused  by  acceleration  to  the 
dynamic  pressure,  and  to  our  knowledge  has  been  given  no  name.  When  particie  acceleration  is  not 
important,  diis  number  becomes  zero,  and  deformation  and  breakup  behavior  should  dqpend  only  on  the 
Reyndds  number  and  the  two  property  ratios.  This  makes  sense,  for  as  defined  here  the  Reynolds  number 
is  the  ratio  of  the  inertial  forces,  which  tend  to  cause  deformatkMi  and  breakup,  and  the  particle  viscous 
forces,  which  tend  to  resist  Some  experimental  evidence  exists  that  this  is  true.  According  to  the 
relationship  ineoeding  eq.  6,  a  constant  Reynolds  number  should  be  represented  as  straight  lines  with 
sl(^  2  on  a  log  plot  of  We  vj.  Oh.  The  high  Ohnesorge  number  data  of  Hsiang  and  Faeth  [10]  approaches 
diis  slope,  which  could  be  interpreted  to  imply  that  in  the  limit  of  zero  surface  tension  breakiq>  regimes 
can  be  determined  by  the  Reynolds  number  and  density  ratio  alone.  To  our  knowledge,  this  hypothesis  has 
not  beat  suggested  beftne,  but  little  experimental  evidence  besides  that  Hsiang  and  Fac^  has  so  far 
existed  to  validate  it  In  the  transcritical  regime  where  Dr  »  1,  deformation  and  breakup  should  in  fact 
depend  only  mi  Re  and  possibly  the  viscosity  ratio  Vr. 


To  provide  further  evidenoe,  a  simple  way  to  produce  zero  surfoce  tension  particles  is  suggested  in 
which  a  fluid  particle  is  injected  into  anothm  fluid  with  which  it  is  miscible.  Surface  toision  is  caused  by 
an  asymmetry  of  molecular  forces  at  a  surface  over  a  distance  of  a  few  molecules  [11].  As  initially 
sq»rate  miscible  fluids  begin  to  co^lissolve  into  each  other,  the  gradient  between  the  two  rapidly  flattois 
over  many  thousands  of  molecules,  and  the  ‘‘surface,”  along  with  the  surface  tension,  is  ^actively 
destroyed.  Fortuitously,  such  a  system  has  other  similarities  with  transcritical  dnqilets  as  well.  Fm 
instance,  liquid  densities  simulate  the  densities  of  high  pressure  fluids,  and  miscible  liquids  can  easily  be 
found  where  the  density  ratio  is  near  unity.  Additionally,  the  co-disrolving  effect  may  also  simulate  the 
high  solubility  of  the  gas  phase  into  the  liquid  phase  as  the  critical  point  is  reached.  On  the  other  hand, 
tranqiort  phenomena  may  not  be  well  simulated,  but  this  should  not  be  relevant  to  the  purely  kinematic 
behavior  of  deformation  and  l»eakup,  as  long  as  these  occur  faster  than  transport  time  scales. 


Visualizations  were  performed  of  simple  sucrose  solutions  in  water,  where  the  sucrose  densities  were 
slightly  greatm  than  the  water  so  that  the  sucrose  particies  would  fall.  Reynolds  numbers  were  varied  by 
initially  diluting  the  sucrose  with  small  amounts  of  water,  thus  changing  the  viscosity.  A  dependence  of 
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tte  bcnkq)  legnaes  on  the  Reynolds  mmiber  was  confirmed.  Highly  viscous  particles  were  observed  to 
initially  flatten  into  pancake  shiqies  as  they  fdl.  Eventually,  as  water  became  disscrived  into  the  particles 
and  viscosity  was  reduced,  the  partides  ^speared  to  suddenly  breabq)  into  a  small  niunber  (<S)  of  smaller 
globules,  as  in  a  bifiircation  Oi>furcation’^.  This  appeared  to  be  <hie  to  some  fluid  dynamic  instability. 
Furdier  down,  the  small  globules  would  similarly  break  down  into  even  smaller  globules  in  a  nnanner 
which  suggests  fiactal  behavior.  Less  highly  viscous  particies  would  "n-furcate”  more  quiddy,  and 
poesUy  into  a  larger  number  of  globules.  The  net  effe^  was  that  highly  viscous  zero  surface  tension 
partides  tended  to  behave  particie-like,  maintaining  dieir  coherence  with  relatively  higher  terminal 
vdocities.  Less  viscous  particles  dissipated  rqndly,  with  correspondingly  slower  terminal  velocities.  In 
application  one  would  erqiea  the  latter  to  be  better  mixers. 

Future  work 

Operation  of  the  monodi^perse  droplet  generator  to  produce  transcritkal  droplets  to  2000  psi  should 
be  feasible  within  the  next  few  months.  The  initial  focus  over  the  next  year  will  primarily  be  on  steady 
conditions.  However,  acoustically  perturbed  measurements  are  eventually  planned  using  a  high  pressure 
pfeaodectric  acoustic  driver  (UTRC  will  separately  be  performing  dradc  tube  experiments). 
Measurements  of  the  vdodty  fiel^  and  temperature  and  composition  profiles  of  transcritical  <^Iets  will 
be  made  using  Raman  imaging.  Other  diagnostic  methods  will  also  be  explored.  Emphasis  will  be  placed 
on  determining  how  interfacial  bdiavkn'  affects  breakup  and  vaporization.  Fuially.  the  analogy  with 
misdUe  liquids  will  be  further  explored. 
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SUMMARY/OVERVIEW: 

11k  perftannaioe,  beat  ttansfor,  and  OQinbiistiOD  stability  dmraciBristics  exhibited  by  liquid  locktt 
cnmbnstort  are  largely  dictated  by  the  injector  design.  Studies  ^impangiag  jet.  swirioonxiaL  and  shear  coaxial 
talecaareleoieatt  used  fbr  IhiDid-lkiaid,  Hqaid-gas,  and  gas-gas  pBop^ant  iniectto  ccaqaise  a  oooiaehensive 
leaeaKfa  eflbn  imdertalai  at  Fean  Stale  to  dewdop  a  detailed  andeataDding  (tfocmmon  h^ector  dement  Qpes 
darougheaperimentatinn  and  analyis.  Iheiesultsttf  this  reseatch  will  provide  a  basis  Cor  the  devdoianent  of 
advanced  combuslor  design  analysis  modds  that  can  aocmaidypiedict  the  injecaoi*s  geometric  and  openaionaleflBcts. 
Ihkder  the  present  AFOSR  siqipoct,  stndies  (tf  swid  coaxial  and  inqiinging  jet  injector  elemeats  have  been  ndertakea 
ftr  Hipiidrgas  and  Bqnid-liqakiqgdications,  and  have  focused  on  dieir  primary  atonuaation  and  qaeyfoanatioo 
processes  under  both  cold- and  combnadng-flow  conditions.  Progiessnaade  over  the  last  year  related  to  these 
impinging  jet  and  swiri  coaxial  injector  stndks  is  described  in  more  detail  bdow. 

TECHNICAL  DISCUSSION: 

Work  to  date  on  inyinging  jet  injectors  has  strongly  suggested  that  oornbustioo  stability  can  often  be 
daecdyielmBd  to  foe  periodicity  of  primary  atamuarion.  Ihe  appearance  OF  waves  near  the  impingement  point  flat 
CTmlnany  lewd  tftpwinriictMMfayfhirtiiy«iigy»n«  that  in  Ihft 

region  inay  be  a  root  cause  of  cornbiistiooinstabiliQr.  Studies  are  tmdctvvay  to  provide  corkclnsive  substantiation 
r^andng  this  mechanism  of  combustion  instabiHQr. 

I¥erious  work  as  part  of  this  research  effort  on  mqjingir^  liquid  jets  inclnded  nneasureniaas  Can  breakiq) 
laigthf  drop  aigR,«MlaiMft«  WWW  aMdperindir.HgaHiMrlhwnBatiniipliwirwriwia^tiKte«‘fntd-riO">,at"»"‘4^t‘f*'<^ 
pressure  conditions.^  StndfodporarneiBrsindndedoiifioekngflMo-dianieireratw(Lo/^t>ificefl>>>>>'teicr. 
imninaenaent  anale.imninaeaneatknath(L8iJ.iet  flow  corkditionftnrbulent  or  laminar),  and  ietvdodtv.  hr 
summary,  the  results  indicaaBd  that  prhnary  breakup  of  tmbuleiu  inqiinging  jets  is  dosely  related  to  wave-like 
distnrbances  fanned  very  near  the  impjngrinmtpo^  The  distance  between  fliese  disturbances  was  lineady 
dq>eadentonjetdiameierandwatieiatwelyhidq»eodentofjetvetoci^.  These  characteristics  ate  consiatBitt  with  a 
process  ediee^  long  wave  hdicaltHstMibances  on  the  jet  are  transmitted  to  the  fan  surfooe.  Linear  stdrility  analysis 
of  long  wave  distmbancea  on  a  jet  mfflcaae  that  Are  fastest  growing  hdkaldistnibance  has  a  wavdeogthrrf  about  ten 
times  the  jet  dianieier  and  is  indepeBdentofjetveloci^,  predominant  observed  distnrbances  on  Are  sheet  formed  by 
the  impiiiging  jets  eadiibiKdwarelengihs  of  about  two -five  jet  diametets. 

Wodc  over  Are  past  year  has  concentrated  on  fan  bteidgy  length  and  drop  size  measurements  under  high 
pressore  and  oscillaaoiy  pressure  conditiOBt  and  devdopmeot  of  a  primary  atomiauion  model  for  inqHngingliqoid 
jets.  The  bigbixeasorB  acoustic  ebrnfoer  used  in  the  cold-flow  cbaracterizaAou  tests  has  interior  ^mensioos  of 
0254  m  in  widAi,  0.30S  m  in  height,  and  0.102  m  in  dqtAi.  Plexiglas  walls  allow  optical  access  into  Ak  chamber. 
Maxhmnn  operating  pressme  is  1.03  MPa  (150  psia).  A  oompressioo  driver  mtached  to  a  chamber  side  wall  is  used 
to  drive  Ak  first  (1^,  second  (2W),  and  dArd(3W)  resonant  inodes  in  Ak  0254  mwidAi  dimension.  Fretpieiicies 
on  the  order  (rf  1000  hertz,  Qiiical  rocket  oombuMion  instabilities,  are  driven  at  amplitudes  iq>  to  4%  chamber 

pressure.  IheinqiiiigmgjetinjectQrdetnBntfitsinto  Ak  center  of  the  top  plate  of  Amdiamber,  enabling  evaluation 
Of  vdodQr-ootqdedeflbM  for  AkIW  and  3W  modes  and  evaluation  of  pressureHXwpled  effects  for  dK2W  mode.  To 
date,  one  twist-drilled  injector  (L«/d«glO:L«iip/d«sl4)  has  been  used  in  this  chamber.  JdR^nolds  numbers  have 
tanged  from  3420  to  17(XX)  (3.4dJj<17  m/s),  and  cfaanber  pressures  have  been  varied  frmn  atmospheric  to  915 

Ihe  nondhneasiooal  breai^  lengAi,  xb/do,  obtained  from  instantaneous  images  of  Ak  impinging  jet  spray 
wiAi  a  sedid  state  QD  camera  is  phNied  as  a  fimcAon  of  Weber  number  (We  s  piUj^do/o)  and  diamber  pressure  in 
Rgnrel.  Each  qnmboliqaBsents  an  average  breatagileogtb  from  17  measoremoits.  Also  shown  in  tl^  figure  is 
the  breakup  lengAi  data  far  a  1.02  mm  diameter,  Lo/Ao=SOpredaon-bore  glass  mbe  set  of  inqHDging  jets.  At 
atmoqdKiic  oondhioos,  there  is  Hole  tqparent  diffeimice  breween  Ak  breakiq)  lengdi  measured  far  Ak  long  orifice. 
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lOQg  feniiiBgeoieDt  ki^  glass  tubes  and  ibe  shorter  odfice,  shorter  hnpingfmcnt  length  twist-billed  nyector. 
hMseasedsmbieudeD^  reduces  the  sheet  btedaqtfeogtfa  as  jet  vekxaiyaiaeases.  It  was  difficult  to  obtkn 
mesauwinents  of  brerinq)  length  at  elevaied  chamber  presaaes  Bor  jet  vehxaties  greater  than  about  10  m^smoe  die 
tnrtiidem  nature  of  the  miiingmg  jet  spray  and  window-wetth^  lead  to  low  copttast  images.  The  effect  of  the  three 
chamber  resonant  modes  on  breakup  length  is  shown  in  figure  2.  In  all  cases,  the  breakup  length  is  essentially 
independent  of  Wdxr  number.  Shorter  breakup  lei^ths  were  observed  for  the  sheet  in  the  presence  die  1  Wand 

3W  modes  than  for  either  the  quiesoeat  case  or  the  case  rbere  (be  2W  mode  was  present  These  results  suggest  that 
nitraUaring  vrinftityidtiBma««fl«gaiiythjwn«rntotfaig|w»*mmeffie<a»fl«hti^^  Drop  size  measufemenls  in 
this  cfaamba  are  underway,  but  difBcnlties  apparently  idated  to  rediculation  zones  within  the  chamber  that  tend  to 
tnqi  small  drops  lesuldng  in  erroneous  ineasnied  size  distdbntioos  are  hindering  progress. 

Mbddbig  efforts  in  the  past  year  have  centered  on  the  use  of  a  finiie  difference  Navier-5tokes  code  to 
investigaiB  the  effects  that  spatial  and  temporal  jet  flow  oscaUadoos  have  on  the  prhnaiy  breakup  of  the  impiiiging 
jet  fim  into  ligamoits.  Dhte^y  opposed  jets  ate  chosen  for  study  u>stmfriify  the  analysis.  Rqaesentative 
oonqMmdonal  results  showing  the  free  surface  otHiCourm^  are  illustrated  in  Insure  3.  Spatial  and  tenqxxal 
disturbances  were  imposed  on  thejets  as  boundary  cmditioos.  The  cases  presented  include  imposed  sinusoidal 
disuttbanoes  b  500,1000,  and  2000  s'^(»  each  jet  that  are  180^  out  of  phase  widi  each  other.  Thiswotkis 
ongohig.  The  results  of  planned  cold-flow  experiments  that  focus  (» the  impmgement  region  will  be  used  to  help 
define  a  new  analytical  qiproacfa  diat  will  be  undettakn  in  the  future. 

Wotfc  on  swirl  coaxial  liquid-gas  injectprelenaeots  has  emphasized  espetimeatal  characterization  <rf  the 
LOX  quay  Add  produced  under  hi^pressure  and  combusting-flow  conditions  in  an  optically-aocessible  combustor 
at  the  Combustion  Cryogenic  Laboratory  (CXX).  The  locadon  and  extern  of  the  Ikpud  oxygen  (LOX)  spray  cone 
and  intact  LOX  sheet  have  been  grossly  deiennhied  Because  the  swirl  element  pro^ddes  superior  attmizaiion  and 
rnixmg,  and  is  less  wefl  understood  dian  a  shear  coaxial  elernerru  its  characteristics  ate  bemg  closely  detailed.  Figure 
4  (left)  shows  the  water  spay  formed  a  swM  coaxial  injector  elenoent  with  a  ct^owirig  gas.  Hgure  4  (right) 

shows  an  inuigeb  the  combusting  LOX  spray  using  the  saroeirqector  used  in  the  cdd-flow  studies.  Measurements 
of  the  drop  size  distribntiQn  and  of  the  location  of  the  LQX  quay  are  also  being  made  to  provide  mfiammion  related 
to  atomization  and  mixing. 

The  ability  to  use  oxygen  as  a  woridng  fluid  is  an  important  feature  of  future  SSTO  rocket  propulsion 
systems.  This  indndes  the  use  <rfoxygerMidiprd)omets(0/F  mass  ratiolOO)  in  staged  combustion  propulsion 
systenos.  The  enhanced  spray  formation  and  drop  diqietsioa  resulting  from  the  swiriingactkai  of  the  LOX  leads  to 
inqiovements  in  ignitkm  and  flame  stability,  leading  to  the  ability  to  operate  the  swirl  coaxial  dement  at  high 
LQX^2 ’Dotiss  ratios.  Rgme  Sis  a  the  characteristic  exhaust  vdodtyefiBdency  versus  (VF  mass  ratio 
obtained  in  an  opdcally-aocesdbie  combustor  at  the  CCL  using  the  swirl  coaxial  itijector  shown  in  Hgure  4.  Inall 
tests,  igradonoocured  readily  and  staUe  combustion  was  observed.  These  results  fianum-demem  studies 
dernoristraie  the  potential  for  robust  injector  petformaiice  at  oxygen-iicfa  oonditioiis  cornparable  to  current  tedmdogy 
interests  for  prdximer  designs. 

Based  on  these  results  future  work  will  emphasize  high-pressure  combusting-flow  studies  both 
impinging  jet  and  swirl  coaxial  irqectors.  Couqarmive  work  will  also  be  intitiated  on  gas-gas  injectors.  This  work 
win  build  on  current  ejqierience  at  Penn  State  with  shear  gas-gas  coaxial  injectors.^  Work  rai  the  swiri  coaxial 
iqector  will  also  be  oonqpaied  to  ongoing  studies  of  shear  coaxial  liquid-gas  injectors.^  With  these  objectives  in 
mind,  certain  experimental  cqnbilitiesliave  been  improved.  Liquid  bydrocatbonfod  test  ctpalnli^  for  impinging 
jetconibnstmg-flow  tests  was  added  to  the  Cryogenic  CranbustiaiLaixxatDcy  (CGL).  A  h^-ptessure,  optically- 
acoessible  combustor  in  which  osdllating  pressure  fields  can  be  generated  has  been  designed  to  eoaMe  mqierimeotal 
stwhes  under  siimildedctmibnstion  instability  conditions  at  the  (XL.  A  short  orifice  (Lo/do=S),  short 


characterizatirai  prior  to  its  use  in  the  combustitn  instalMlity  chamber  and  is  presently  being  tested. 


1.  Ryan,  ILM.,  WJE.  Anderson,  S.  Pal  and  RJ.  Santoro,  "Atcxnizatioo  (Characteristics  of  Imjunging  Liquid  Jets," 
AIAA  Ptqier  93-0230, 31st  Aerospace  Sciences  Meeting,  Reno,  NV,  January  1 1-14, 1993  (accrued  for  publication  by 
Journal  t^PnqHilsion  and  Power,  1993). 

2.  Moser,  MJJ.,  JJ.  Mmenich,  S.  Pal  and  RJ.  Santoro,  "OH  Radical  Imaging  and  Velodty  Held  Measuremmits  in 
a  Gaseous  Hydr^en/Oxygen  Rocket,"  AIAA  Paper  93-2036, 29tb  AIAA/S  AE/ASME/ASEE  Jdnt  HoiwlsiOD 
(Conference,  Monterey,  CA,  June  28-30, 1993. 

3.  PaL  S.,  M  J>.  Moser,  H.M.  Ryan,  M  J.  Foust  and  RJ.  Santoro,  "Flowfield  (Characteristics  in  a  Liquid  Pnqiellant 
Rotket,"  AIAA  Paper  93-1882, 29th  AIAA/SAE/ASME/ASEE  Joint  PncqMilskMi  Confnmice,  Monterey,  CA,  Jane 
28-30,  1993. 
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Hgore  1.  NoiKHmenakKai  breafciq)  length.  Xb/dp. 
ploaed  as  a  ftmaioo  of  Wdxr  nnoiber.  We,  and 
dHBdwr  laessoe.  Pc.  Ibr  bodi  glass  tube  and  twist- 
driOedii^Bcioa.  bgqdngemeot  angle  for  both  iqeciar 
types  is  60^. 


(A)  tnadyinMeondttim 


RgoreZ.  hfondimensfoaal  breriay  leagth.  xb/dp, 
plooed  as  a  foactioD  of  Wdxr  lumber.  We,  and 
ctaamber  resooaot  mode  for  tbe  twisHbilled  nqecior 
at  a  chamber  pressme  of  608  Id^ 


(B)  oedBadon  iraqiMncy>SOO  Hz 


(C)Mcnationfraquen^-1000Hz  (D)  oecUadon  frequency-aooo  Hz 


HgnreS.  Contour  maps  of  die  free  surface  focmed  by  two  opposed  liquid  jets.  Jets  enter  from  die  top  (ysS  mm) 
and  bottom  mm)  of  the  computadonal  domain  and  fonn  a  radial  sheet  that  has  a  dumiiiv  cross  section  with 
increasing  radins.  Mdal  mean  velocity  is  10  m/s;  initial  jet  diameter  is  1mm.  Imaging  jets  shown  in  (A)  have 
steady  inlet  conditioos.  Jets  in  (B),(C),  and  (D)  show  ^fects  of  qpadallysiniisoidal  velocity  flactnaticos  at  500, 
1000,  and  2000  s*K  respectively,  imposed  at  the  jet  inlet.  Hie  an^tudn  of  the  velocity  fluctnatioiis  are  S%  of  the 
mean  vdodty. 


Hgare4.  Ullages  of  swiil  coaxial  injector  sprays.  Instantaneous  image  on  tbe  left  is  of  ifae  near  injector  qxay 
flowfield  under  non-combusting  conditions.  Water  and  air  are  used  as  simulants.  Water  flow  is  0.2  Ih/s  issuing 
from  the  33  mm  post,  and  air  flows  through  the  1 .4  mm  annular  gap.  Ihe  image  on  the  right  is  of  the 

combusting  sptay  formed  by  the  same  injector  shown  on  the  left.  Window  dimeter  is  50.8  mm.  Rropellanis  are 
LOXXjH2  at  an  0/F  ratio  of  S.S.  The  LOX  flowrate  is  0.4  Ib/s  and  the  chamber  pressure  is  420  psia. 
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Hgure  S.  Measured  characteristic  exhaust  velocity  efficiency  as  a  function  of  mass  O/F  ratio  obtained  in  an 
opticaily-accessible  rocket  equipped  with  the  swirl  coaxial  injector  shown  in  Figure  4.  Data  is  uncorrected  for 
chamber  wall  beat  transfer  and  nozzle  discharge  coefficient  effects;  corrected  data  will  differ  from  raw  data  by  less 
than  +1-5%.  Cbamber  pressures  range  from  140  to  340  psia. 
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SUMMARY/OVERVIEW: 

Although  the  hydrogen  temperature  ramping  technique  is  used  to  determine  the  stability 
charactoistics  of  hydrpgen/oxygen  coaxial  liquid  rocket  motor  injectors,  there  is  no  definitive 
knowledge  of  the  effect  of  the  hydrogen  temperamre  on  the  stability  characteristics  of  the 
injectors.  Possible  explanations  are  a  detrimental  change  in  the  atomization  characteristics  due 
to  a  decrease  in  the  velocity  ratio,  the  disai^)earance  of  a  stabilizing  recirculation  region  at  tibe 
base  of  the  LOX  post  or  a  change  in  the  gas  side  injector  pressure  drop  allowing  acoustic 
coupling  to  the  propellant  feed  system.  This  program  will  provide  the  first  quantitative 
measurements  of  droplet  size  and  velocity  distributions  as  a  function  of  the  injector  velocity  ratio 
and  of  injector  pressure  drop  as  a  function  of  gas  temperature.  It  wUl  also  be  the  first 
experimei^  examination  of  the  recirculation  region  at  the  base  of  the  injector  LOX  post.  Due 
to  the  abiliQr  to  rse  liquid  o^^gen  at  pressures  occurring  in  actual  liquid  rocket  motors,  a  high 
level  of  siidlitude  can  be  achieved. 

TECHNICAL  DISCUSSION: 

Although  stable  operating  regimes  for  cryogenic  coaxial  injectors  have  been  en^)irically 
determined,  there  is  no  knowledge  of  the  spray  characteristics  corresponding  to  stable  operation 
or  the  physical  processes  which  produce  the  atomization  patterns  that  result  in  stable  or  unstable 
operation.  The  current  engineering  method  for  determining  the  stable  operating  regime  of  a 
cryogenic  coaxial  injector  is  the  "hydrogen  temperature  ranq>ing"  method,  however  there  is  still 
no  definitive  knowledge  of  the  effect  of  the  hyc^gen  temperature  on  the  stability  characteristics 
of  coaxial  injectors.  The  physical  significance  of  the  hydrogen  temperature  ramping  technique 
may  come  from  the  atomization  process  occurring  in  coaxial  injectors  where  the  high  velocity 
outer  gaseous  hydrogen  flow  strips  droplets  from  the  lower  velociQr  inner  liquid  oxygen  flow. 
Experiments  at  ONERA  using  water  as  the  liquid  oxygen  simulant  have  shown  that  a  higher 
relative  velocity  between  the  two  flows  results  in  smaller  droplets  and  complete  atomization 
closer  to  the  injector  exit‘.  Lowering  the  gasecHis  hydrogen  temperature  increases  its  density, 
thus  lowering  its  injection  velocity  relative  to  the  liquid  in  order  to  maintain  the  same  mass  flow. 


‘Vingert,  L.,  "Coaxial  Injector  Spray  Characterization  for  the  Ariane  5  Vulcain  Engine," 
6th  Annual  Conference  "Liquid  Atomization  and  Spray  Systems  -  Europe,"  July  4-6,  1990. 
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Wanhainen  et  al  have  shown  that  it  is  not  the  hydrogen  temperature  itself  causing  the  transition 
to  instability  but  the  ratio  of  the  gas  to  liquid  injection  velocities^.  From  this  one  might  infer 
that  the  instability  arises  because  of  an  increase  in  the  liquid  oxygen  drop  sizes  along  with  an 
extension  in  the  length  of  the  atomization  zone.  A  primary  purpose  of  the  experiments  is  to 
identify  what  effect  the  velocity  ratio  has  on  atomization. 

Another  proposed  explanation  for  the  emergence  of  unstable  operation  in  the  hydrogen 
temperature  ramping  test  is  t^t  a  recirculation  region  acting  as  a  flameholder  exists  downstream 
of  tte  LOX  post  tip.  Below  a  minimurn  relative  velocity  between  the  liquid  oxygen  and  gaseous 
hydrogen,  the  recirculation  region  becomes  too  weak  to  act  as  a  flameholder  and  the  combustion 
zone  moves  away  from  the  injector  face  to  a  location  where  it  can  interact  more  strongly  with 
the  chamber  acoustic  modes.  Liang  and  Schumann  have  examined  this  idea  with  an 
experimental  and  computational  investigation  of  gaseous  oxygen  and  hydrogen  coaxial  injectors^. 
They  examined  several  injectors  designed  to  produce  recirculation  regions  of  different  sizes  but 
found  that  all  injectors  tested  showed  the  combustion  region  anchored  to  the  base  of  the  injector. 

A  liquid  nitrogen  cooled  heat  exchanger  to  lower  the  temperature  of  the  injected  gas, 
either  hydrogen  or  helium,  from  ambient  down  to  80K  has  been  designed  and  construction  is  in 
progress.  The  heat  exchanger  will  be  used  for  the  final  series  of  experiments  to  simulate  the 
hydrogen  temperature  ramping  test  and  examine  the  effect  of  temperature  induced  gas  velocity 
changes  on  the  resultant  atomization  and  its  subsequent  effect  on  motor  instability. 

An  injector  with  full-scale  dimensions  derived  from  the  SSME  prebumer  injector  has 
been  constructed.  The  SSME  prebumer  injector  was  selected  because  the  test  facility  is  capable 
of  providing  the  required  gas  aiKl  liquid  mass  flow  rates  for  a  full  size  injector  and  as  large  an 
injector  as  possible  was  desired  to  provide  the  possibility  of  optical  access.  A  second  LOX  post 
was  fabricated  with  a  T  taper  at  the  tip  to  match  the  sl^pe  of  the  production  injector  element. 
Liquid  nitrogen  was  used  to  simulate  the  liquid  oxygen  while  gaseous  nitrogen  was  used  to 
simulate  the  gaseous  oxygen. 

To  gain  qualitative  insight  into  the  overall  morphology  of  a  shear  coaxial  injector  spray, 
the  spray  was  examined  by  imaging  the  scattered  light  from  a  laser  sheet  passing  through  the 
axis  of  Ae  spray  and,  in  a  separate  test  series,  from  a  stroboscope  illuminating  the  backside  of 
the  spray.  For  the  laser  sheet  imaging  tests  a  frequency  doubled  Nd:YAG  laser  (532  nm), 
pulsed  at  lOHz  with  a  pulse  duration  of  10  ns,  was  used  with  a  spherical  and  cylindrical  lens 
combination  to  form  a  laser  sheet  with  a  thickness  of  0.15  mm  and  negligible  divergence  at  the 
injector  centerline.  In  an  effort  to  ascertain  whether  a  more  extensive  droplet  flow  field  exists 
beyond  the  observable  limits  of  the  laser  sheet  images,  a  modified  approach  to  spray 
visualization  was  undertaken  with  the  stroboscope.  Based  on  previous  flow  visualization 
experience  with  water/air  sprays  at  atmospheric  pressure*,  the  strobe  light  was  directed  toward 


^Wanhainen,  J.P.,  P.trish,  H.C.  and  Conrad,  E.W.,  Effe^  of  Propellant  Injection 
Temperature  on  Screech  in  20.000-Pound  Hvdrogen-Oxvgen  Rocket  Engine.  NASA  TN 
D-3373,  Ap-’ 

^Liang,  P.-Y.  and  Schumann,  M.D.,  "A  Numerical  Investigation  of  the  Flame-Holding 
Mechanism  Downstream  of  a  Coaxial  Injector  Element,"  Proceedings  of  the  24th  JANNAF 
Combustion  Meeting,  CPIA  Publication  476,  Vol.  3,  Oct.  5-9,  1987,  pp.  599-610. 

*Kaltz,  T.,  Milicic,  M.,  Glogowski,  M.  and  Micci,  M.  M.,  "Shear  Coaxial  Injector  Spray 
Characterization, "  AIAA  Paper  93-2190, 29th  Joint  Propulsion  Conference,  Monterey,  CA,  June 
28-30,  1993. 
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the  baclcside  of  the  spray,  off  center  from  the  camera  and  in  the  direction  of  the  injector  face. 
With  this  onentation  both  the  dispersed  droplet  region  and  the  structure  of  the  liquid  core  may 
be  imaged  with  a  35  mm  camera.  The  fla^  rate  of  the  strobe  was  set  at  10  Hz  with  a  flash 
duration  of  3  /iS. 

In  general,  the  laser  sheet  photographs  depict  an  overall  contraction  of  the  large  scale 
liquid  structures  (liquid  core  and  detached  ligaments)  and  droplet  flow  regions  with  increasing 
ambient  pressure.  Regions  of  droplet  flow  are  most  evident  downstream  of  the  liquid  structures, 
while  very  little  droplet  production  is  observed  along  the  liquid  colunm  close  to  the  injector  exit. 
When  the  gas  mass  flow  rate  was  decreased  to  approximately  half  of  its  original  value,  it 
resulted  in  a  larger,  more  dispersed  spray  indicating  a  strong  effect  of  mixture  ratio  on  the 
atomization  and  vaporization  of  liquid  nitrogen.  The  behavior  of  the  spray  with  respect  to 
increasing  chamber  pressure  follows  the  same  trend  as  the  previous  tests,  in  that  the  LNj  spray 
contracts  in  size  as  the  chamber  pressure  increases.  Other  tests  were  performed  with  the  tapered 
LOX  post  using  the  stroboscope  to  visualize  the  spray.  The  stroboscope  photographs  showed 
the  same  contraction  of  the  liquid  and  droplet  flow  regions  with  increasing  pressure,  but 
contradictory  to  the  observed  contraction  of  the  spray  with  increasing  pressure,  the  liquid  core 
breakiq)  length  increased  significantly  for  a  chamber  pressure  greater  than  the  critical  pressure 
(3.4  NIPa).  Stroboscope  tests  with  the  nontapered  LOX  post  under  similar  operating  conditions 
revealed  the  same  behavior  for  pressures  above  and  below  the  critical  point  but  indicated  litde 
differences  in  spray  morphology  between  the  two  LOX  post  designs. 

(Quantitative  information  on  the  spray  was  pursued  with  a  phase  Doppler  interferometric 
(PDI)  device,  developed  by  Aerometrics,  which  enabled  simultaneous  measuronent  of  the 
temporarily  averaged  droplet  size  and  velocity  distribution  at  a  point  within  the  spray.  The 
effect  of  gas  mass  flow  rate  on  the  droplet  size  distribution  is  seen  in  Fig.  1.  Measurements 
were  made  along  the  axis  10  cm  downstream  from  the  injector  for  this  test,  which  marks  the 
approximate  end  of  the  spray  according  to  the  photographic  results.  The  droplet  size 
(U^butions  have  been  superimposed  in  Fig.  1  to  illustrate  the  general  behavior  of  Ae  spray 
with  varying  liquid  to  gas  mixture  ratios.  At  the  lowest  mixture  ratio,  which  corresponds  to  full 
scale  operation  of  the  SSME  prebumer,  the  majority  of  droplets  fall  in  the  smallest  size  range 
of  Fig.  1.  As  the  gas  mass  flow  rate  decreases  to  3M  and  1/2,  the  droplet  distribution  shifts  to 
larger  droplet  sizes.  The  small  number  of  large  droplets  at  the  upper  end  of  the  size  range, 
observed  during  all  of  the  tests,  may  be  due  to  remnants  of  the  liquid  core  and/or  coalesced 
small  droplets. 

In  order  to  determine  if  a  recirculation  region  exists  at  the  base  of  the  LOX  post,  a 
miniature  diode  laser  LDV  system  has  been  assembled  and  is  being  used  to  probe  the  region  at 
the  base  of  the  LOX  post  to  determine  under  what  circumstances  a  recirculation  region  exists. 
The  LDV  uses  liquid  droplets  produced  by  the  atomization  process  as  the  seeding  particles.  A 
pyrex  tube  was  used  for  the  exit  region  of  the  injector  to  allow  LDV  probing  of  the  region 
immediately  downstream  of  the  LOX  post  in  the  injector  recess  region.  Initial  tests  were 
conducted  with  water  and  air  at  atmospheric  pressure.  Downstream  of  the  injector  face  the  LDV 
measured  all  positive  flow  velocities,  with  the  maximxim  occurring  at  positions  directly 
downstream  of  the  injector  gas  annulus.  However,  with  the  LDV  probe  volume  moved  into  tlte 
recess  region,  positive  velocities  are  measured  in  the  core  of  the  annular  gas  flow  but  decrease 
to  zero  as  one  moves  radially  inward  and  become  negative  directly  downstream  of  the  LOX  post, 
thus  indicating  flow  reversal.  Tests  are  currently  underway  to  more  extensively  map  the  flow 
in  the  recess  region  and  to  determine  the  effect  of  operating  conditions  and  injector  design  on 
the  strength  of  the  recirculation  region.  Future  tests  are  planned  at  elevated  pressures  under 
combusting  conditions. 
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In  the  course  of  an  extensive  literature  review,  some  previous  experimental  evidence  was 
found  that  indicated  that  the  spontaneous  stability  condition  for  a  hydrogen/oxygen  rocket  was 
determined  by  the  hydrogen  pressure  drop  through  the  injector^^.  Below  a  critical  minimiiTn 
value  for  the  pressure  drop,  chamber  oscillations  evidently  can  couple  to  the  propellant  feed 
system,  causing  a  combustion  instability  in  the  chamber.  However,  the  value  of  this  critical 
pressure  drop  was  a  function  of  the  injector  and  chamber  design.  A  linearized,  lumped-element 
model  based  on  the  Rayleigh  criterion  was  generated  to  describe  the  fluid  dynamics  of  several 
processes  in  the  system  and  to  illustrate  the  effect  of  injector  geometry  and  fiiel  temperature  on 
combustion  stability.  Response  factors  have  been  computed  for  the  full  scale  injector  operating 
under  cold  flow  conditions  and  have  confirmed  a  transition  from  stable  to  unstable  operation  as 
fuel  temperature  decreases.  To  verify  these  results,  high  frequency  pressure  transducers  were 
mounted  on  the  pressure  chamber  and  injector  fuel  plenum  and  measurements  were  acquired 
under  cold  flow  conditions  using  liquid  and  gaseous  nitrogen  and  analyzed  by  fast  Fourier 
transform.  A  strong  correlation  was  fouiKl  between  the  predicted  injector  response  and  the 
measured  chamber  pressure  oscillation  amplinides  relative  to  those  measured  in  the  injector  fuel 
plenum. 

A  pressure  chamber  rated  to  10  MPa  for  combusting  experiments  is  currently  being 
designed  for  use  with  liquid  oxygen  and  gaseous  hydrogen  and  will  be  able  to  operate  at  the  full 
scale  fuel  and  oxidizer  flow  rates.  Future  tests  will  involve  PDPA  measurements  under 
combusting  conditions  for  comparison  to  the  cold  flow  results.  Oscillatory  pressure 
measurements  will  be  made  in  the  chamber  injector  and  fuel  plenum  to  verify  the  predicted 
injector  responses  under  combusting  conditions. 
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Fig.  1  Droplet  size  distributions  for  three  oxidizer  to  fuel  mixture  ratios  (Pj.  =  2.4  MPa). 
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SUMMARY/OVERVIEW 

Droplet  collision  is  an  essential  process  in  spray  combustion,  intimately 
influencing  the  quay  characteristic  in  the  de^  spray  region.  The  present  study  aims  to 
gain  fundamoital  undoattnding  cm  die  mechanisms  governing  the  observed  phraomena  of 
permanent  coalescence,  bouncing,  and  separation  upon  collision.  Specific  issues  of  interest 
mdude  the  extent  of  drc^et  defimnation,  the  dynamic  of  the  inter-droplet  flow,  the  rdadve 
importance  of  the  gas  resistance  force  as  compared  to  the  collision  inertia,  and  the  relevant 
ih^o^cal  properties  of  the  gases  and  liquids.  Extensive  experiments  have  bem  perfonned 
for  various  liquids,  enviroiunent  gases,  and  system  pressures.  Valuable  insight  have  been 
gained  regarding  the  specific  mechadsms  and  factors  controlling  the  various  droplet 
collisicm  outcomes,  especnally  on  the  bouncing  propensity. 

TECHNICAL  DISCUSSIONS 

Our  previous  experimental  results  indicated  that  the  collisional  dynamcs  of 
hydrocarbon  (faoplets  can  be  signifiomt  different  torn  diose  of  water  drqilets.  Specifically, 
eariier  results  on  water  droplet  collision  at  one  atmosphere  pressure  showed  that 
coalescoice  and  separatitm  are  respectively  favored  for  si^  and  large  Webor  number 
(We),  as  shown  in  Hg.  la,  in  which  B  is  die  collision  impact  parameter.  Our  experimental 
observation,  however,  showed  diat  the  transition  between  codesceoce  and  s^aration  for 
hydtocatbtm  drc^lets  at  cme  atmosphere  is  ^  fiom  being  monottmic.  hideed,  as  shown  in 
Hg  2b,  there  are  five  collisitm  outcome  regimes,  rqiresenting  (I)  coalescence  with  small 
dt^let  deformation,  (H)  bouncing,  (El)  coalescoice  with  large  droplet  defmmatum,  (IV) 
Separatioa  after  near  head-on  coalescence,  and  (V)  s^aradon  after  off-center  coalescmce. 
Regimes  I  to  IV  occur  for  near  head-on  collisions  widi  increasing  We,  while  Regime  V  is 
charactoistic  of  large  values  of  We  and  B.  Regime  11  is  very  small  for  water  dr^let  such 
diat  Reginaes  I  andm  merge. 

The  crucial  factor  responsible  for  the  different  behavior  of  water  and  hydrocailxm 
droplet  is  clearly  the  transition  betweoi  Regimes  L  H  and  IIL  Here,  as  the  droplets  collide, 
diey  become  defocaaed  doe  to  the  pressure  buildiqi  in  the  gas  film  between  the  d^lets. 
This  deformation  absorbs  die  kinetic  energy  of  collision,  therefore  reduces  the  ability  for 
inter-droplet  gas  film  to  be  squeezed  out  in  order  to  effect  coalescence.  Since  the  mctent  of 
deformation  dqiends  on  the  surface  tension  of  die  liquid,  it  is  reasonable  to  expect  a 
difference  behavior  fcH*  water  and  hydrocarbon.  FurAer,  since  displacement  of  die  gas  film 
depoids  on  the  density  and  viscosity  the  gas,  one  may  also  expect  the  colliskm  outcome 
dqxsids  on  the  gas  prcqieities. 

In  the  pr^ent  investigation  we  have  manipulated  the  effects  of  the  gas  and  liquid 
properties  by  conducting  experiments  with  both  water  and  hydrocarbon  droplets  in 
environment  of  different  gases  (air,  nitrogen,  helium,  hydrogen  and  ethylene)  and 
pressures  (ranging  from  0.6  m  12  atmospheres).  The  experiment^  results  show  that  the 
collision  behavior  of  water  and  hydrocarbon  droplets  are  actually  similar,  when  the 
influence  of  die  environment  gas  densky  is  taken  into  account 

To  substantiate  diese  observation,  we  note  diat  the  gas  density  can  be  manipulated 
in  two  wa3rs,  by  changing  either  gas  pressure  or  the  gas  molecular  weight  Figi^  1, 2, 
and  3  sqiarately  show  that  the  effects  caused  by  diese  two  changes  in  terms  of  various  and 
sqiarated  regii^. 
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We  first  note  that  in  cnder  to  promote  the  occurrence  of  bouncing  for  water 
drc^ts,  which  is  not  previously  observed  for  (»e  atmosphere  air,  we  should  increase  the 
density  of  the  gas.  In  the  course  of  the  experimental  exploratkMi,  we  have  fixmd  that  water 
dto{]^  actually  do  exhibit  die  bouncing  phenomencm  at  txie  atmo^here  air  or  nitrogen, 
albat  at  huh  values  B,  as  shown  in  Hg.  la.  This  regime  qiparendy  has  been  mc^y 
overlooked.  We  have  subsequently  fou^  that,  with  increasing  pressure,  diis  regime 
onMuids  and  moves  to  include  small  values  of  B.  When  the  pressure  is  inoea^  to  around 
2.8  atmo^here  (fig  lb),  a  fully>developed  RegiiM  n  is  obs^ed  in  diat  dropl^  bouncing 
now  occurs  for  bodi  off-center  and  he^-<»  collisicms.  We  have  dierefcre  demonstrated 
that  the  five  collision  regimes  for  hydrocaibcms  also  exist  for  water,  at  elevated  pressures. 

Recognizing  that  increasing  pressure  promotes  bouncing,  it  is  dien  reasonable  to 
expect  that  decreasing  pressure  should  suppress  bouncing.  Figures  2a  and  2b  for 
tetradecane  dnqilets  show  diat  diis  is  indeed  d»  case  in  di^  while  the  five  regime  response 
is  observed  at  one  atmosphere,  the  head-on  bouncing  regime  is  suppressed  as  the  pressure 
is  reduced  to  0.6  atmosphere. 

We  have  further  found  that,  by  increasing  die  pressure  to  8  atmo^heies  for  water 
and  2.4  atmospheres  for  tetradecane,  Re^me  n  can  be  eiqianded  to  such  an  extent  that 
Regime  I  can  not  be  experimentally  detected.  Realistically,  of  course,  two  droplets  will 
merge  when  slowly  brought  togedier.  We  have,  however,  not  been  able  to  sinnilate  sutdi  a 
slow  rate  of  collisicm  in  our  experiments.  The  inpmtant  point  to  note  is  diat  k>w-Wehead- 
oa  collision  at  hig^  pressures  could  very  likely  r^ult  in  bcmocing.  This  is  to  be  ccmtrasted 
with  the  previous  con^t,  based  on  water  at  one  atmosphere,  that  low-We  head-tm 
cdlision  always  results  in  coalescence. 

To  further  demonstrate  the  influence  of  the  inertia  of  the  gas  film  throu^  the  gas 
density,  additional  experiments  have  been  ctxiducted  for  the  ‘Tighter”  helium  environment 
The  collision  resptmse  regimes  for  tetradecane  are  shown  in  Hg.  3.  The  results  clearly 
show  that  because  of  the  reduced  molecular  weight  and  hence  density  of  the  hdium 
atmo^here,  a  higher  pressure  is  needed  tt>  induce  bouncing  in  Regime  H  and  siqipress 
merging  in  Regime  L 

Gas  dcosiq^,  however,  is  not  the  only  parameter  influencing  die  collisimi  outcomes. 
To  deizxnistrate  d^  point  we  note  that  whole  the  gas  density  for  0.6  atmo^here  nitrogen 
in  Fig.  2a  is  almost  the  same  as  diat  for  4.4  atmosphere  helium  in  Hg.  3c,  bouncing  is 
clearly  more  premunent  for  the  helium  atmo^here.  The  difference  is  possibly  caused  by 
the  highOT  dynamic  viscosity  of  helium.  As  discussed  earlier,  as  die  gas  is  drained  firrai  dte 
gap,  a  highCT  pressure  differential  is  required  to  overcome  the  shear  fence  for  gas  with 
M^er  viscosity,  which  in  turn  increases  the  gas  resistance  force  acting  em  the  (toqilet 
T^  viscous  effect  is  furdier  shown  by  ccHiqiaring  Figs.  2a  and  3a.  It  is  seen  diat  vhile  the 
density  of  helium  at  0.7  atmosphere  is  lower  than  that  of  nitrogen  at  0.6  atmosphere, 
bouncing  is  still  observed  for  the  more  viscous  helium  atmoqihere. 

Anodier  in^ortant  factor  which  influences  die  bouncing  prc^ierty  is  the  similarity  of 
the  molecular  structure  of  the  liquid  and  gas.  Hgure  4  shows  the  colUsion  outcomes  for 
tetradecane  in  an  environment  of  nitrogen  and  ethylene  with  different  compoatiems;  die 
transituxi  boundaries  between  Regimes  m  and  IV,  and  Regime  m  and  V,  are  not  slxiwiL 
Ethylene  is  chosra  because  its  molecular  structure  is  similar  to  that  of  tetradecane,  ii^e  its 
molecular  weight  is  the  same  as  that  of  nitrogra.  It  is  seen  diat  coalescence  is  prtxno^ 
with  increasing  amount  of  ediylene.  This  is  an  inqxirtant  result  because  the  spray  interior 
invariably  cemtains  some  fuel  vaptn  produced  through  droplet  vryxirization.  The  presence 
of  the  fuel  vtqxn  thus  promotes  ^plet  coalescence.  There  are  two  ^ssible  causes  to  dtis 
result  The  presence  of  ethylene  could  modify  die  surface  tensitn  wtoh  affects  die  iiterging 
tendentty  of  the  two  surfaces.  Second,  since  ethylene  is  readily  soluble  in  tetradecane,  its 
absorption  during  collision  reduces  the  gas  density  in  the  inter-droplet  spacing,  hence 
promoting  coalescence.  Mote  study  is  nee^  to  identify  die  dmninant  cause. 
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Hgure  3.  The  transitioiis  of  tetradecane 
di^let  collision  regimes  versus  gas 
pressures  in  helium  environment 
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Figure  4.  The  transition  of  the  boundaries 
between  coalescence  and  bouncing  vosus 
erdiylene  mole  firaction  in  the  the  mixture 
of  nitrogen  and  ethylene  environment 
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SUMMARY/OVERVIEW 

The  purpose  of  this  research  is  to  investigate  the  dense  region  of  a  spray  generated  by  two 
high  speed  impinging  jets,  using  a  novel,  pulse  holography  technique.  The  effect  of  several 
parameters  such  as  the  impingement  angle,  die  liquid  jet  velocity,  and  the  orifice  diameter  on  the 
atomization  process  was  investigated  in  the  past  year.  It  was  shown  that  in  the  dense  spray 
region  the  liquid  elements  were  not  spherical  Smaller  and  faster  droplets  were  generated  with 
larger  impingement  angles,  higher  jet  velocities,  and  smaller  orifice  diameters.  The  structure  of 
the  liquid  elements  near  the  jet  impact  point  is  indicative  of  the  mechanisms  of  the  disintegration 
process. 

TECHNICAL  DISCUSSION 

During  the  second  year  of  the  research,  the  procedures  for  the  reliable  fabrication  of  double 
pulse  holograms  and  the  subsequent  image  analysis  of  these  holograms  for  the  measurement  of 
size  and  velocity  of  the  liquid  elements  in  the  dense  spray  region  were  perfected.  The 
measurements  focused  on  the  determination  of  the  effect  of  the  impingement  angle,  liquid  jet 
velocity,  and  orifice  diameter  on  the  near  impingement  region  of  the  spray.  Representative 
results  will  be  discussed  next 

Figure  1  demonstrates  the  ability  of  the  double  pulse  holographic  technique  to  record  the  size 
and  position  of  liquid  elements  at  two  different  times.  The  region  shown  is  downstream  along 
the  spray  axis.  The  droplet  identified  as  no.  1  in  Figure  1  (a)  corresponding  to  the  first  pulse 
moved  to  the  location  identified  as  no.  1  in  Figure  1  (b)  corresponding  to  the  second  pulse.  This 
photograph  also  demonstrates  the  size  diversity  of  the  liquid  elements  as  well  as  the  fact  that 
these  elements  ate  largely  non-spherical.  The  photographs  of  the  holograms  in  Figure  2  reveal 
clearly  the  disintegration  process  of  the  liquid  sheet  produced  by  two  impinging  jets.  The  impact 
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wave  produced  at  die  impactira  point  due  to  the  t^liquely  colliding  high  speed  jets  causes  the 
detachment  of  arc  studied  liquid  ligament  frcxn  the  liquid  sheet  as  shown  in  Figure  2  (a).  These 
ligaments  progressively  disintegrate  as  they  move  downstream  as  shown  in  Figure  2  (b). 
Furdier  downstream.  Figure  2  (c),  only  small  size  droplets  are  observed.  Ctxi^ared  to  the 
drc^kts  in  Hgure  1,  droplets  in  Hgure  2  are  smaller  because  the  inqiingement  angle  is  iiK^reased 
from  60*  in  Hgure  1  to  90*  in  Hgure  2  with  all  the  other  parameters  kept  unchanged. 

Hgures  3  and  4  show  the  effect  of  the  impingement  angle,  liquid  jet  velocity,  and  orifice 
diameter  on  the  droplet  diameter  and  velocity,  respectively.  These  results  were  obtained  by 
averaging  die  measurements  for  all  droplets  taken  at  six  different  locations.  The  sampling  area  in 
each  location  was  1.0  cm  x  l.S  cm.  Hgure  3  shows  that,  in  an  average  sense,  smaller  droplets 
(desirable  foran  the  combustion  standpoint)  were  produced  with  larger  impingement  angles, 
higher  jet  velocities  and  smaller  orifice  diameters.  Widi  reference  to  Hgure  4,  V^.  Vy,  and  Vm 
indicate  the  hmizcmtal  velocity,  the  vertical  velocity,  and  the  magnitude  of  the  velocity  vector, 
respectively.  Increasing  the  inqnngement  angle  or  the  jet  velocity  increases  the  droplet  velocity. 
On  die  other  hand,  mcreasing  the  jet  diamerer  decreases  the  droplet  velocity.  The  effect  of  the 
aforementkmed  factors,  is  ctmsiderably  strcmger  (xi  the  droplet  diameter  dian  it  is  on  the  droplet 
velocity.  To  exenplify,  increasing  the  jet  inqiingement  velocity  from  12  m/s  to  20  m/s  decreases 
the  Sauter  Mean  Diameter  from  about  440  pm  to  about  300  pm  ^gure  3).  An  increase  in  the  jet 
inqnngement  velocity  from  12  m/s  to  about  1S.5  m/s,  increased  the  horizontal  conqxment  of  the 
mean  velocity  from  about  4  m/s  to  about  S  m/s  (Hgure  4). 


Hgure  1  Photographs  of  hologram  revealing  droplet  images  at  the  frrst  and  the  second  pulse 
with  in^gement  angle  20  =  120®,  Vj  =  12.0  m/s,  Dj  =  1.0  mm,  (x,  y)  =  (0.0  cm,  4.0  cm)  (a) 
dn^let  images  at  die  &st  pulse,  (b)  droplet  images  at  the  seccmd  pulse. 
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Figure  2  Photographs  of  hologram  revealing  the  structure  of  the  sheet  disintegration  with 
impingement  angle  20  =  90®,  Vj  =  12.0  m/s,  Dj  =  1.0  mm  (a)  y  =  0.0  to  y  =  1.5  cm,  (b)  y  =  1.5 
to  y  =  3.0  cm,  (c)  y  =  3.0  to  y  =  4.5  cm,  (d)  microscopic  detail  of  the  region  identified  by  a 
square  in  Figure  2  (c). 
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Hgure  3  Effect  of  inqniigement  angle,  liquid  jet  velocity,  and  oiifice  diameter  Sauter  Mean 
Diameter  (a)  Dj  =  1.0  mm,  Vj  =12.0  m/s,  (b)  Dj  =  1.0  mm,  26  =  90°,  (c)  Vj  =12.0  mm,  26  = 
90°. 
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Figure  4  Effect  of  impingement  angle,  liquid  jet  velocity,  and  orifice  diameter  on  mean  droplet 
velocity  (a)  Dj  =  1.0  mna,  Vj  =12.0  na/s,  (b)  Dj  =  1.0  mm,  26  =  90°,  (c)  Vj  =12.0  mm,  26  = 
90°. 
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SUMMARY/OVERVIEW: 

In  this  program,  research  is  performed  in  the  areas  of  rocket  exhaust  plume 
physics  and  rocket  propellant  combustion.  Both  experimental  measurements  and 
theoretical  computational  investigations  are  carried  out.  Laser  diagnostic  techniques 
are  used  in  both  areas  to  map  the  properties,  such  as  temperature  and  density,  of 
gases  in  various  combusting  and  non-combusting  environments.  Chemical  kinetic 
measurements  are  also  earned  out  to  determine  the  specific  reaction  pathways  and 
kinetic  rates  for  specific  reactions  of  interest.  Results  of  these  investigations  are  used  to 
help  in  the  design  of  future  rocket  propellants  and  to  further  our  understanding  of  the 
chemical  and  collisional  processes  in  rocket  exhaust  plumes  that  give  rise  to  emissions 
in  the  infrared,  visible  and  ultraviolet  spectral  regions  so  that  better  predictions  of  these 
emissions  can  be  used  in  designing  ballistic  missile  detector  systems.  Typical  results 
obtained  in  several  of  the  research  areas  are  detailed  below. 

TECHNICAL  DISCUSSION: 

Accurate  prediction  of  plume  signatures  in  both  the  high  density  plume  core  and 
in  the  plume-atmosphere  interaction  region  at  high  altitudes  requires  specific 
knowledge  of  molecular  vibrational  transfer  processes.  Specifically,  state-specific 
vibrational  energy  transfer  rates  are  required  for  the  important  plume  species.  NO  is 
one  of  these  important  species.  Vibrational  relaxation  rates  have  been  successfully 
measured  for  NO  v^l ,  2  and  3  with  various  collision  partners  using  a  laser  pump/probe 
technique.  The  NO-NO  V-V  transfer  rate  has  been  measured  for  the  first  time  below 
room  temperature,  showing  that  the  relaxation  probability  increases  with  decreasing 
temperature,  as  does  the  V-T  rate  for  v=1 .  This  Indicates  the  importance  of  attractive, 
long-range  forces  in  the  near-resonant  V-V  process.  The  V-V  rates  for  various  other 
collider  species,  the  temperature  dependence  of  the  NO-NO  V-T  rate,  and  the 
electronic  state  dependence  of  vibrational  relaxation,  all  demonstrate  the  complexity  of 
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the  physical  mechanism  for  vibrational  energy  transfer,  and  no  single  theory  yet 
proposed  appears  to  explain  all  aspects  of  the  experimental  results. 

The  direct  simulation  Monte  Carlo  (DSMC)  computational  technique  is  the 
preferred  method  of  flowfield  prediction  for  high  altitude  rocket  exhaust  plumes.  A 
series  of  computations  are  being  conducted  using  the  DSMC  technique  to  evaluate  this 
technique's  ability  to  predict  accurate  flowfield  parameters,  internal  energy  state 
populations,  and  chemical  species  reaction  processes.  These  include:  (1)  simulations 
to  compare  to  nitrogen  jet  experimental  measurements  taken  at  UC  Berkeley  and  USC, 
(2)  simulations  for  comparison  to  NO  vibrational  population  measurements  and  (3) 
simulations  to  compare  to  high  altitude  piume-freestream  interaction  number  density 
measurements  taken  at  AEOC.  Calculations  were  completed  for  comparison  to  the  DC 
Berkeley  free  jet  rotational  temperature  data  and  the  results  of  the  DSMC  simulation 
match  well  with  the  data.  Implementation  of  the  DSMC  code  on  a  massively  parallel 
computer  has  allowed  more  accurate  simulation  of  the  AEDC  piume-freestream 
experiment. 

The  experimental  data  obtained  during  the  NO  vibrational  energy  exchange  rate 
measurements  provide  a  time  resolved  population  distribution  in  the  lower  levels  of  NO. 
This  data  has  been  used  to  check  the  ability  of  the  DSMC  computational  model  to 
predict  chemical  reaction  processes  by  treating  each  vibrational  state  as  a  separate 
chemical  species  in  the  computation.  A  DSMC  simulation  for  comparison  to  the  NO 
vibrational  population  measurements  has  been  completed  using  Bird's  DSMC  code  for 
a  set  of  3  species  (NO  v^O,  1,  and  2)  using  6  reactions  with  one  cell  simulating  a 
coincident  pump  and  probe  experimental  condition.  The  comparisons  to  the  measured 
populations  in  v=:1  and  2  are  very  good,  in  order  to  obtain  calculations  in  which  the 
pump  and  probe  beams  are  not  coincident,  the  calculations  will  require  use  of  species 
weighting  factors.  The  comparisons  to  the  experimental  data  will  allow  verification  of 
the  various  weighting  factor  schemes  now  in  development. 

A  'rey  element  in  the  understanding  of  the  influence  of  nonequilibrium  processes 
on  flow  phenomena  is  an  experimentally  verified  analytical  tool  of  sufficient  capability  to 
allow  assessment  of  the  interrelated  influences  of  translational,  rotational,  vibrational, 
and  electronic  nonequilibriums  as  well  as  the  influence  of  chemistry  on  the  fluid  flow 
properties  of  concern.  Current  monoprocessor  code  development  is  well  below  the 
computational  capability  required  for  such  analysis,  and  as  a  result,  an  effort  has  been 
started  to  develop  a  multiprocessor  based  approach  to  direct  simulation  modeling  that 
will  significantly  increase  our  computational  power.  Initial  results  from  a  parallel 
processing  DSMC  effort  will  be  presented  and  implications  regarding  nonequilibrium 
flow  prediction  will  be  discussed. 

Construction  of  a  second-generation,  higher  flux  atomic  oxygen  source  flow  was 
completed.  This  new  continuous  source  is  housed  in  a  cryogenically-pumped  cell  that 
can  provide  a  flow  field  simulation  of  the  plume/freestream  interaction.  Initial  work  with 
the  new  source  has  demonstrated  at  least  an  order  of  magnitude  increase  in  oxygen 
flux  and  a  much  reduced  energy  spread.  A  new  resonance  charge  exchange  approach 
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for  neutralizing  atomic  oxygen  was  evaluated  and  much  higher  flux  levels  were 
obtained  from  the  new  source  than  originally  anticipated.  Several  new  ceramic  ring  jet 
sources  were  tried  and  the  resulting  best  design  determined.  Summary  results  will  be 
presented 

Work  has  continued  on  the  gas  phase  reaction  measurements  of  hydrazine. 
High  temperature  second-order  rate  coefficient  measurements  for  H  +  N2H4  reaction 
has  been  completed.  The  rate  coefficients  for  reactor  temperatures  of  up  to  893  K 
have  been  measured.  However,  at  such  high  temperatures  the  N2H4  was  also 
undergoing  significant  heterogeneous  decomposition  at  the  reactor  walls.  If  this  effect 
is  not  accounted  for  in  the  H  +  N2H4  gas  phase  work,  there  will  be  a  corresponding 
error  in  the  determination  of  the  homogeneous  second-order  rate  coefficient  for  this 
reaction.  The  activation  energy  for  heterogeneous  decomposition  of  N2H4  has  been 
established  to  be  9.4  ±  0.3  kcal  mol''^  in  the  temperature  range  657-893  K.  This  value 
is  typical  for  heterogeneous  reactions  for  the  surface-to-volume  ratio  of  the  reactor 
employed  in  this  work.  Below  657  K,  the  degree  of  heterogeneous  decomposition  of 
N2H4  is  small  (only  a  few  percent).  Thus,  the  rate  coefficient  measurements  should  be 
relatively  free  from  errors  due  to  uncertainty  in  the  gas  phase  [N2H4]  in  the  reaction 
zone  at  temperatures  below  this  compared  to  that  at  higher  temperatures.  For 
temperatures  below  222  K  the  second-order  rate  coefficient  falls  rapidly  as  does  the 
saturated  vapor  pressure  of  N2H4.  Therefore,  experimentally  it  is  difficult  to  accurately 
determined  the  rate  coefficient  beyond  this  low  temperature  limit.  Thus,  the  most 
extended  temperature  range  available  for  studying  the  gas  phase  reaction  between  H- 
atoms  and  N2H4  is  222-657  K.  The  rate  coefficient  for  O+N2H4  reaction  at  room 
temperature  has  also  been  accomplished,  and  detection  of  the  OH  produced  in  this 
reaction  has  produced  strong  evidence  against  one  hypothesis  for  production  of 
ultraviolet  signatures  in  hydrazine  fueled  rockets. 

The  necessity  to  understand  the  critical  energy  release  mechanisms  of  high 
energy  density  propellants  has  created  a  need  for  an  experimental  capability  to 
accomplish  the  simultaneous  objectives:  detection  of  molecular/  radical  intermediates 
and  stable  products  during  combustion/pyrolysis;  conservation  of  sample  size  due  to 
limited  availability  of  candidate  propellant  molecules;  and  inclusion  of  a  general 
Diagnostic  to  complement  optical  techniques.  This  need  has  resulted  in  the 
construction  of  a  new  facility  to  heat  these  reactive  species  to  over  1000  K  in  a  few 
microseconds  and  to  determine  the  pyrolysis  and  combustion  products.  A  CO2  laser 
has  been  obtained  along  with  gas  chromatographic  and  mass  spectrometric  diagnostic 
equipment  to  obtain  this  information.  A  conventional  flow  reactor  with  controlled 
temperatures  in  excess  of  1000  C  has  also  been  constructed.  The  calibration  of  this 
apparatus  using  the  well  known  pyrolysis  mechanism  and  kinetics  of  propane  as  a 
standard  has  been  completed.  Strained  ring  hydrocarbon  molecules,  quadricyclane  and 
triangulanes,  have  been  studied  initially  to  determine  their  mechanisms  of  thermal 
decomposition  and  combustion.  These  molecules  are  currently  being  evaluated  as 
performance  boosting  additives  for  RP-1  fuel.  Eariy  results  of  decomposition  studies  on 
quadricyclanes  will  be  presented. 
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The  activation  energies  for  the  following  reactions  were  measured  over  the 
temperature  range  21 1-472  C  with  a  flow  reactor  modified  to  conserve  sample  size 
during  kinetics  studies: 


(1)  Quadricyclane — >  Norbornadiene 

(2)  Norbornadiene  — >  Cyclopentadiene  +  Acetylene 

(3)  Norbornadiene  — >  Cydoheptatriene 

(4)  Norbornadiene  — >  Toluene 

(5)  Cydoheptariene  — >  Toluene 


The  results  agree  with  previously  reported  values  and  the  sample  size  required  was 
only  ca.  ten  micrograms  at  each  temperature  studied.  In  the  temperature  range  from 
368-472  C  the  Arrhenius  plot  for  the  rate  constant  of  reaction  (2)  exhibits  the 
characteristic  two  slope  behavior  typical  of  a  heterogeneous  reaction.  This  has  not 
been  previously  observed. 
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SUMMARY/OVERVIEW: 

This  research  is  directed  toward  ionovation  of  advanced  diagnostic  techniques  applicable 
to  combustion  gases  and  plasmas,  with  some  emphasis  on  high  speed  flows.  The  primary 
flowfield  parameters  of  interest  are  species  concentrations,  temperature,  pressure,  mass  density, 
electron  (tensity,  velocity,  and  quantities  derivable  from  these  parameters  such  as  mass  flux  and 
thrust  (calculable  fix)m  mass  density  and  vel(x;ity).  Principal  techniques  under  study  include 
spectrally-resolved  absorption  and  fluorescence,  using  waveleng^-modulated  cw  semi¬ 
conductor  di(xte  laser  sources;  planar  laser-induced  fluorescence  (PLIF),  using  tunable  pulsed 
laser  sources  (excimer-pumped  dye  and  narrow-linewidth  excimer);  and  diagnostic  techmques 
based  on  degenerate  four-wave  mixing. 

TECHNICAL  DISCUSSION 

In  the  following  paragrtq)hs  we  highlight  primary  activities  of  the  past  year. 

Pjasma  and  BByh-Enthalpy  Air  Diagnostics 

Recent  work  has  focussed  on  the  development  of  a  diagnostic  strategy  based  on 
measurement  of  spectrally  resolved  absorption  lines  associated  with  transitions  between  excited 
electronic  states  of  atoms.  This  approach  is  suggested  by  the  fact  that  gases  at  very  high 
temperatures,  such  as  found  in  hyp^sonic  flight  and  in  various  plasma-based  propulsion 
systmns,  are  primarily  neutral  or  ioniW  atoms;  ^  further  influence  of  high  tenqieratures  is  to 
produce  substantial  populations  of  these  species  in  excited  electronic  quantum  states.  A 
particular  advantage  of  the  proposed  measurement  scheme  is  that  it  utilizes  a  tunable 
semiconductor  dio&  laser  source,  which  is  attractive  owing  to  its  rapid  tuning  capabilities,  low 
cost,  and  compatibility  with  fiberoptic  transmission,  hi  bnef,  the  shape  and  amplitude  of  the 
absorption  line,  recdr^d  either  wifli  fluorescence  or  absorption  detection,  contain  the  primary 
information  of  interest,  namely  the  kinetic  and  electronic  tei^ratures  of  the  species. 

During  the  past  year  we  have  investigated  application  of  this  diagnostic  to  three  sproies: 
xenon,  atomic  oxygen  and  atomic  nitrogen.  The  woric  with  xenon  utilized  the  6s-6p  transition  at 
823  nm  (GaALAs  laser)  and  involves  measurements  in  a  low  pressure  dc  discharge.  Xenon  is  of 
practical  interest  owing  to  its  use  in  ion  thruster  propulsion  systems,  and  it  is  of  fundamental 
intoest  owing  to  the  complex  nature  of  Xe  spectra.  For  example,  owing  to  the  significant 
number  of  major  isotopes  in  Xe  (9  with  mol  fictions  of  about  1%  or  more),  and  its  complex 
nuclear  splitting,  the  spectrum  of  the  6s-6p  transition  involves  a  convolution  of  21  individual 
spectral  features.  A  recent  measurement  of  the  absorption  line,  and  a  conparison  with  theory,  is 
shown  in  Fig.  1.  Such  a  measurement,  once  fully  understcKxi,  has  potential  for  monitoring 
tenperature,  density  and  velocity  of  xenon  atoms. 

In  related  work  we  have  ^lied  a  similar  strategy  to  monitor  excited-state  transitions  of 
O-atoms  (772  nm,  3s-3p)  and  N-atoms  (821.6  nm,  3s-3p)  in  gases  heated  (by  reflected  shock 


waves  in  a  shock  tube)  to  temperatures  of  6000-13,000  K.  Such  conditions  are  representative  of 
those  found  behind  bow  shoc^  in  hypersonic  fli^t.  An  example  of  recent  data  for  N-atoms  is 
given  in  Fig.  2.  Here  a  best  Voigt  fit  of  the  profile  allows  a  determination  of  the  kinetic  and 
electronic  temperatures,  both  near  9000  K  and  in  good  agreement  with  the  temperature 
calculated  from  the  measured  shock  spe^.  We  are  unaware  of  any  previous  diagnostic  methods 
with  similar  potential  for  probing  such  high  temperature  environments.  Further  u^ormation  may 
be  found  in  Refs.  1-3. 

PI.TF  TitMMfiny  in  Shnck  Tiihg  Flnws 

Shock  tubes  and  tunnels  provide  a  convenient  environment  for  the  development  of 
advanced  diagnostic  methods  relevant  to  advanced  air-breathing  propulsion  systems.  A  wide 
variety  of  hi^-«nthalpy  and  hi^-velocity  flows  can  be  easily  generated,  and  at  modest  expense 
relative  to  continuous-flow  facilities.  During  the  past  year  we  continued  to  use  a  pressure-dnven 
shock  tube  and  tunnel  to  investigate  diagnostics  for  scramjet  and  nonequilibrium  hypersonic 
flow  studies.  A  particular  accomplishment  was  the  completion  of  work  which  demonstrated 
quantitative,  single-shot  imaging  of  temperature  in  a  model  scramjet  flow.  Two  tunable  lasers 
and  two  CCD  cameras  were  used  to  t^ow  essentially  instantaneous  recording  of  two  PLIF 
images  which  could  be  ratioed  to  extract  temperatures.  Successful  temperature  images,  accurate 
to  about  5-10%,  were  achieved  with  both  OH  and  NO  imaging.  Dual  imaging  of  boA  species 
was  also  demonstrated,  with  NO  used  as  a  tracer  of  the  H2  fhel  and  OH  used  as  a  marker  of 
combustion.  A  schematic  of  the  flowfield  studied  is  given  in  Fig.  3;  details  of  the  work  can  be 
found  in  Refs.  4  and  5.  (Ref.  4  was  featured  on  the  cover  of  Applied  Optics  in  the  December, 
1993  issue.)  In  related  work  we  also  demonstrated  approaches  for  single-  and  dual-laser  PLIF 
imaging  of  nonequilibtium  shock  ttmnel  flows,  including  imaging  of  velocity  (2  components) 
and  bodi  rotational  and  vibrational  temperatures.  Further  details  of  this  woric  may  be  found  in 
Ref.  6. 

iMttr  rMaynnstics  fnr  Mnlti-Paraingter  Measaranwiite 

For  the  past  few  years  we  have  worked  to  develop  a  diagnostics  strategy  which  allows 
simultaneous  determination  of  multiple  gasdynamic  parameters  from  spectrally  resolved 
tdisorption  spectra.  For  example,  LIF  monitoring  of  UV  absorption  line  pairs  of  NO  was  used 
for  simultaneous  determination  of  velocity  (Doppler  shift),  temperature,  pressure  and  density  in  a 
supersonic  jet,  with  submillimeter  spatial  resolution  and  at  a  measurement  repetition  rate  of 
Ar^iSz.  Work  with  line-of-sight  absorption  has  been  conducted  with  both  O2  (at  760  nm)  and  H2O 
(at  1.4  microns),  in  both  cases  using  a  shock  tube  to  produce  controlled  supersonic  gas  flows  at 
known  conditions.  In  both  studies,  the  measurements  yielded  high  repetition  rate  determinations 
of  velocity  (1  con^nent),  temperature,  pressure  and  ^nsity,  and  the  derived  quantities  of  mass 
flux  and  momentum  flux.  These  latter  quantities  are  of  particular  interest  to  propulsion 
engineers  wishing  to  monitor  inlet  and  ej^ust  flows  of  advanced  supersonic  combustors. 
Indeed,  the  technology  we  developed  is  now  being  en^loyed  in  several  large-scale  facilities  in 
this  country  and  elsewhere.  An  example  data  trace  in  H2O  is  shown  in  Fig.  4;  inferred  and 
known  flow  properties  are  indicated.  Further  information  appears  in  Refs.  7-10. 

Other  Diagnostics  Efforts 

During  the  past  year  we  completed  work  on  a  scheme  to  extend  PLIF  to  3-D  imaging.  The 
objective  h^  b^n  to  develop  methods  for  probing  flows  which  include  important  three 
dimensionality.  Another  project,  still  underway,  is  an  investigation  of  fundamental  issues  in 
degenerate  four-wave  mixing;  det^s  of  progress  on  that  effort  may  be  found  in  Ref.  1 1 .  Finally, 
we  have  initiated  a  new  effort  to  investigate  dis^ostics  strategies  for  high-pressure  flows,  for 
example  in  cormection  with  advanced  high-pressure  combustors,  rockets,  and  other  propulsion 
systems.  The  conditions  of  interest  in  these  devices  introduce  significant  changes  in  the  physical 
phenomena  which  underly  both  modelling  of  such  flows  and  their  measurement  via  laser 
diagnostic  strategies.  This  will  be  a  fruitful  area  for  fundamental  and  applied  investigation. 
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Fig.  1.  Measured  profile  of  Xe  3s-3p  transition  at  823  nm,  and  theoretical 
positions/intensities  of  component  lines. 
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Fig.  2.  Best  Voigt  fit  to  N-stom  transitioii  at  821.6  nm  (3s-3p)  ui  shock-heated  nitrogen. 


Fig.  3.  Schematic  diagram  of  the  noodel  scramjet  flowfield  used  to  develop  PUF  imiiging  of 
ten^teratuie.  The  fuel  is  H2  and  tte  supersonic  crossflow  is  high  temperature  air  or 
other  gas  mixtures.  Jet  diameter  D  s  2  mm. 


relativs  frequency  [GHz] 

Fig.  4.  Reduced  shock  tube  absorption  data  for  single  scan  of  the  643  f-  64,  and  3,3  3,, 

lines  in  the  Vj  +  V3  band  of  H2O.  The  gasdynamic  parameters  inferred  from  a  Voigt 
profile  analysis  are  indicated  along  with  the  values  calculated  with  shock  wave 
theory.  From  Ref.  8. 
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SUMMARY/OVERVIEW: 

Tadc  1:  UV  and  VUV  Generation  and  Detection  Techniques 

We  are  developing  techniques  to  extend  laser-based  diagnostics  into  the  vacuum  ultraviolet 
(vuv)  i^on  for  die  detection  of  atomic  ions,  planar  imaging  of  light  atoms,  and  other  applicatkxis. 
To  date,  we  have  developed  a  high-power  widely-tunable  vuv  source  producing  over  65  pJ  at 
133  nm,  demonstrated  two-photon-excited  fluorescence  at  this  wavelength,  and  discove^  some 
technical  challenges  specific  to  vuv-based  diagnostics.  Future  work  will  be  to  investigate  solutions 
to  matecials-ielated  problems. 

Task  2:  Laser-Excited  AmpiiHed  Spontaneous  Emission  (ASE) 

Two-photon-exciied  ASE  of  attxnic  hydrogen  and  oxygen  has  been  explored  in  a  varies  of 
low-pressure  flames  as  a  method  to  measure  ctmcentiation,  gas  velocity,  and  gas  temperature.  We 
discovered  that  ASE  intensity  is  more  sensitive  to  the  collisional  environment  than  Lff,  viiiich 
makes  the  intetpretation  of  the  ASE  signal  quite  difficult  Direct  gain  of  a  probe  laser  pulse  tuned 
to  die  ASE  transition  avoids  this  difficulty.  The  probe  pulse  can  stimulare  the  emission  in  a  time 
short  compared  to  die  collision  time  and  the  observed  gain  is  proportional  to  the  population  inver- 
sioa  created  by  die  laser.  Demonstration  measurements  and  model  calculatitxis  for  ammic  oxygen 
in  a  low-pressure  hydrogen/oxygen  flame  are  reported. 


TECHNICAL  DISCUSSION 

Task  1:  UV  and  VUV  Generation  and  Detection  Techniques  (G.  W.  Paris) 

While  great  progress  has  been  made  on  laser-based  detection  techniques,  some  significant 
diaUenges  remain.  Among  diese  are  die  detection  of  atomic  ions  and  the  single-phottxi  detection  of 
liglit  atoms.  These  detectitxi  proUems  are  similar  in  that  they  both  require  high  power  vacuum 
ultraviolet  radiation. 

The  ability  to  perform  quantitative  detection  of  atomic  ions  is  important  for  studying  plasma 
pnqnilsimi,  highly-ionized  flows,  plasma  etch  lithography,  magnetically-confined  fusion, 
astronomy,  and  astrophysics.  Detection  of  light  atomic  ions  is  difficult  because  the  single-photm 
transitions  fiom  the  ground  state  lie  in  die  extreme  ultraviolet  (xuv)  and  no  window  materials  are 
available  in  this  region.  Our  approach  is  to  use  two-photon-excited  fluorescence  in  the  vuv, 
allowing  the  use  of  windows  such  as  MgF2  and  UF. 
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light  atoms  can  be  dnected  through  two-i^oton  techniques  in  die  near  ultraviolet  region. 
An  alternative  technique  to  two-photon  detection  is  single-photon  detection  using  vuv.  While  more 
compUcaied  dian  the  two-photon  approaches,  single-photon  vuv  detection  of  light  atoms  allows 
more  sensitive  detecjdon.  can  avoid  photo-induced  changes  due  to  high  optical  intensities,  and 
provides  the  possilnlity  for  planar  imaging.  Areas  where  single-photon  detection  techniques  may 
prove  useful  include  arc  jets  and  hot  rarified  flows.  Other  applic^ons  of  vuv  diagnostics  include 
sin^e-  or  multiple-phomn  ionization  for  very  high  sensitivity  d^ection  techniques  and  single- 
phcMon  catibration  of  multiple-photon  diagnostic  techniques. 

To  produce  high-power  widely-tunable,  vuv  radiatioi,  we  have  developed  a  source  based 
(m  two-phoion-restmant  difference-fr^uency  generation.^  In  this  approach  the  output  of  a  tunable 
AiF  excimer  laser  at  frequency  v ^  is  mixed  with  the  fundamental  or  frequency-doubled  output 
from  a  Nd:  YAG-pumped  dye  laser  at  frequency  to  produce  radiation  at  frequency  »  2  x 

-  v^.  Enhanced  efficiency  is  provided  by  tuning  the  AiE  laser  onto  restxiance  wiA  two- 
photixi  transitions  in  the  mixing  gas  (krypton  or  hydrogen).  By  tuning  the  dye  laser  frequency, 
the  vuv  wavelength  can  be  varied  from  1 10  to  180  nm.  To  date,  we  have  obtained  over  65  pJ  at  a 
wavelength  133  nm  using  this  technique.  Larger  powers  can  be  obtained  over  a  limited  tuning 
range  by  directly  Raman-sttifting  the  ArF  laser  output^ 

We  have  evaluated  the  performance  of  the  vuv-based  multi-photon  spectroscopy  through 
1-1-1 REMPI  on  xenon  at  147  nm  and  two-photon-excited  fluorescence  in  neon  using  133  nm 
ligfat^  The  latter  constimtes  a  demonstration  of  the  two-photon-excited  fluorescence  technique 
in  an  apprtyriate  wavelength  region  for  atomic  ion  detection.  The  neon  measurements  were 
perform^  at  a  pressure  of  about  1  Torr,  however,  which  is  mo  high  for  most  useful  applic^ions 
for  atomic  ion  detection.  Further  improvement  in  laser  power  is  required  in  order  to  achieve  useful 
detection  of  atomic  ions.  We  have  minimized  the  path  lengdi  for  the  vuv  through  the  optics  by 
using  an  off-axis  lens  instead  of  a  prism  to  separate  die  beams.  This  resulted  in  more  than  a  factor 
of  3  improvement  in  vuv  energy  over  that  we  had  available  for  the  neon  measuranents.  Further 
irrqnovement  in  energy  is  still  required,  however. 

There  are  two  avenues  we  can  pursue  to  furtiier  improve  our  laser  power.  Both  ctxicem 
materials  probiems.  The  first  involves  loss  mechanisms  that  build  up  due  to  the  length  of  «cposure 
to  the  high  power  vuv.  The  second  deals  with  mechaiusms  to  improve  the  efficiency  of  the  mixing 
gas.  During  exposure  to  die  vuv  radiation,  the  transmission  of  our  vuv  optics  is  gradually 
d^jiaded.  We  believe  that  this  is  due  to  color  cenrer  formation,  and  are  fuidier  investigating  the 
process.  C^lmr  center  losses  may  be  mitigated  by  reducing  the  vuv  fluence  on  the  optics  (using 
larger  diameter  beams  and  optics),  by  heating  die  t^tics  to  speed  recombination  of  ^e  color 
centers,  ot  by  separating  the  vuv  beam  from  the  input  beams  using  a  concave  grating  instead  of 
transmissive  qitics. 

The  efficiency  of  the  ywf  generation  is  related  to  the  nonlinear  qitical  polarizability,  which 
is  pnqxirticmal  to  the  square  of  the  mixing  gas  density.  Improvement  in  vuv  power  cannot  be 
realized  by  increasing  die  gas  density  alone,  because  of  index  of  refraction  dispersion  ftH*  the  gas 
between  the  input  and  output  beam  wavelengths.  By  reducing  the  effects  of  the  material  dispersitxi 
(phasematching)  we  can  achieve  significant  improvement  in  vuv  energy.  Phasematching  can  be 
achieved  through  using  a  mixture  containing  a  gas  having  negative  dispersion  at  the  vuv  wave¬ 
length.  Other  approaches  include  noncollinear  mixing  and  "quasi-phasematching"  It  currently 
tqjpears  diat  some  phasematching  will  be  required  to  achieve  significant  powers  near  120  nm. 

In  order  to  better  charaaerize  these  aspects  of  the  mixing  process  in  the  absence  of  time- 
vaiying,  uradiation-dependent  window  absorptions,  the  ^iparatus  has  been  modified  to  allow 
windowless  detection  ^  the  generated  VUV  and  XUV  thiwgh  the  use  of  a  differentially-pumped 
gascelL  The  1(X)  cm^  cell  is  filled  widi  hydrogen  at  a  rate  of  10  Hz  using  a  pulsed  valve  to  attain 
peak  pressures  of  several  hundred  Ton:.  The  AiF  and  dye  laser  beams  enter  and  exit  throu^ 
qpticd  access  hdes  1  mm  diameter  <hi  either  side  of  die  cell,  separated  by  5  cm,  and  are  timed  to 
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coincide  with  die  pressure  envelc^  maximum.  The  volume  of  the  mixing  cell  is  continually 
pumq^  by  a  higb  volume  mechanical  pump  and  die  optical  path  outside  the  cell  is  maintain^  ax 
<  lO^Torr  using  a  trapped  diffiisicxi  pump.  The  ultraviolet  wavelengths  generated  by  the  mixing 
process  pass  from  the  ceil  directly  into  a  Spex  1500SP  0.5  meter  vacuum  ultraviolet  spectrometer, 
where  they  are  dispersed  and  detected  by  either  a  photomultiplier  or  pyroelectric  energy  detector. 
The  peak  pressure  in  die  mixing  cell  is  ^tennined  through  ctxiqiarison  of  MPI  signal  levels  of  die 
0(1)  faran^  in  H2  for  the  pulsed,  flowing  condition  with  a  static  cell  volume.  Because  the  source 
has  no  windows,  we  can  insert  optics  into  the  beam  after  mixing  to  determine  the  effects  of 
exposure  indep«Kiently  of  the  mixing.  By  flowing  gas  mixtures  through  the  source,  we  can  study 
{diasemaiching  widiout  OHistraints  due  to  die  focusing/collection  geometry  for  the  mixing,  and 
difBculties  due  to  time-dependent  degradation  of  the  vuv  radiation. 

Task  2:  Laser-Excited  Amplified  Spontaneous  Emission  (ASE)  (J.  Jeffries) 

Laser-excited  arrqilified  ^xmtaneous  emission  (ASE)  is  an  attractive  method  to  detect 
auxnic  species  in  reacting  gas  flows  and  plasmas  because  the  signal  shares  the  same  beam  path 
widi  the  excitation  laser  light  Multiphoton  laser  emntation  of  atoms  is  traditionally  detected  by 
fluorescence  or  ionizatioi  which  eidier  requires  large  solid  angle  fluorescence  coUectitxi  or  a  probe 
for  icm/eiectron  collection.  ASE  provides  an  alternative  detection  method  which  requires  minimal 
optical  access  and  no  intrusive  probes;  however,  quantitative  ASE  requires  understanding  the  ncxi- 
linear  optical  gain  in  the  laser  excited  sample.  Ftx-  example,  two-photon  selection  rules  produce 
aimm  in  excited  states  vidiich  do  not  have  allowed  txie-photon  transitimis  back  to  the  ground  state 
but  radiate  instead  to  an  intermediate  excited  state.  For  atomic  species  found  in  prc^ulsion  like 
hydrogen  and  oxygen,  these  intermediate  states  are  nxxe  than  10  eV  above  the  ground  stam,  and  at 
ccartiittstion  teo^ieratures  tiiere  is  nearly  no  thermal  peculation  in  states  with  such  a  large  excitation 
energy.  Thus,  a  population  inversion  can  readily  be  p^uced  by  the  laser  two-photon  excitation; 
any  ^xmtaneous  etrussiexi  along  the  excitation  laser  beam  can  experience  gain.  This  gain  produces 
ASE  precagating  forward  and  backward  along  the  laser  beam. 

ASE  has  been  observed  in  a  variety  of  low-pressure  lOames  with  an  experimental  arrange¬ 
ment  shown  in  Figure  1.  The  schematic  also  ^ows  a  diode  laser  probe  beam  which  crosses  the 


Figure  1.  The  experimental  setup  used  to  measure  both  the  ASE  and  stinulated  gain  signals. 
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exatt^on  beam  at  a  small  angle.  The  exdtadon  laser  was  tuned  to  line  center  (rftfae  3p^P2 
«->2p^2  in  atomic  oxy^  at  225.6  nm.  The  fwward  ASE  signal  at  845  nm  is  (^>served 

firam  the  3irP2.-^3s^Si°  transition;  the  probe  laser  was  tuned  to  line  center  of  the  ASE  tnmsition. 

To  demoostiate  the  ASE  loss^probe  ^dn  technique,  we  first  q)erai6d  the  diode  laser  at  38 
mW  and  monitored  both  the  probe  beam  as  it  exited  the  low-pressure  chamber  and  the  ASE  signal 
while  alternately  blocking  the  pump  and  probe  beams  before  they  entered  the  chamber.  The  results 
of  this  test  are  ^own  in  Hgure  2  where  the  ASE  signal  and  the  ac  compcmem  of  the  cw  probe  beam 
are  plotted.  In  region  I  both  the  pump  and  probe  b«uns  are  blocked  establishing  the  background 
level  for  both  types  of  signaL  Region  II  shows  the  probe  intensity  with  no  gain  as  the  pump  beam 
is  blocked.  In  region  m,  the  probe  has  been  blocked  while  the  pump  is  unblocked  resulting  in  a 
large  ASE  signaL  With  both  beams  unblocked  (region  IV)  the  probe  beam  experiences  a  small 
(20%)  gain  while  the  ASE  signal  experiences  1(X}%  loss. 

The  relative  ASE  signal  is  shown  in  Figure  3  as  a  function  of  the  incident  probe  beam 
intensi^  while  the  pump  be^  intensity  was  held  fixed.  The  probe  intensity  is  normalized  to  die 
saturation  intensity  (2WAmr)  for  analysis  purposes.  The  ASE  signal  falls  in  a  smooth  way  as  the 
incident  probe  intensity  is  increased.  The  solid  line  in  Figure  3  is  from  a  single  pass  amplifier 
theoretk^  fit  with  laser  excited  atomic  oxygen  the  gain  medium.  The  inversion  population  density 
given  by  the  measured  gain  in  Figure  2  and  loss  in  Rgure  3  agree  within  a  factor  of  two  with  each 
other  arid  within  die  estimated  uncertainty  of  a  nxxiel  calculation  of  the  atomic  oxygen 
concentratitm. 


Figure  2.  Simultaneous  observation  of  the  probe 
(gain)  and  ASE  (loss)  signals  for  the  four  input 
combinations  of  I  •  both  pump  and  probe  beams 
blocked.  II  -  pump  beam  blocked,  III  •  probe  beam 
blocked  and  IV  -  neither  beam  blocked. 


Figure  3.  The  relative  ASE  signal  as  a  function 
of  the  probe  beam  intensity.  The  solid  line 
indicates  a  best  fit  (yo  s  1.609)  found  using  the 
model.  Dashed  lines  indicate  theoretical  curves 
foryo^a  1.609  ±40%. 
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SUMMARY/OVERVIEW: 

This  research  is  concerned  with  the  development  of  a  laser-based  diagnostic  technique  for 
die  measurement  of  species  concentrations  in  turbulent  flames  called  picosecond  time-resolved 
laser-induced  flumescence  (PITLIF).  Current  diagnostic  techniques  have  the  capability  to  measure 
probability  distribution  functions  (PDFs),  but  in  many  cases  they  lack  the  temporal  resolution 
needed  to  measure  power  spectral  densities  (PSDs).  The  PITLIF  instrument  employs  a  high 
repetition  rate  mode-locked  laser  which  gives  it  die  temporal  resolution  and  power  necessary  to 
rapidly  obtain  PSDs  in  addition  to  PDFs.  The  specific  objective  of  this  project  is  to  develop  the 
PITLIF  instrument  and  to  demonstrate  its  viability  for  obtaining  PDFs  and  PSDs  of  minor  species 
concentrations  in  turbulent  flames. 

TECHNICAL  DISCUSSION: 

Ttirbulent  flames  are  characterized  by  random  fiuctuations  in  flow  variables  such  as  velocity 
or  concentration.^  These  fluctuations  must  be  described  statistically  using  PDFs  and  PSDs.  Laser 

Doppler  velocimetry  (LDV)  can  be  used  to 
measure  PDFs  and  PSDs  of  velocity  in  a 
turbulent  flame.^  Laser-induced  fluorescence 
(LIF)  is  commonly  employed  for  measurement 
of  minor  species  concentrations.’  Typically, 
CW  or  Q-switched  laser  systems  are  employed 
for  LIF  measurements  of  n)Fs,  but  these 
systems  lack  die  power  and  temporal  resolution 
ne(%ssary  to  measure  PSDs  of  concentration  in 
turbulent  flames.  Both  the  PDF  and  the  PSD 
must  be  known  to  completely  describe  the 
random  fluctuations  in  concentration.  We 
repmt  hoe  on  current  investigations  with 
Flgnre  1.  Schematic  diagram  of  die  PITLIF  picosecond  time-resolved  laser-induced 

fluorescence  (PITLIF),  a  new  diagnostic 
technique  which  has  the  potential  to  rapidly  and 
simultaneously  measure  both  PDFs  and  PSDs  of  concentration  in  a  turbulent  flame. 
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A  block  diagram  of  the  PITLIF  instrument  is  shown  in  Fig.  1.  The  laser  system  consists  of 
a  broadband  dye  laser  synchronously  pumped  by  a  mode-locked  frequency-doubled  Nd:YAG 
la^r.  The  lasa  system  delivers  a  series  of  mode-locked  laser  pulses  20-50  ps  FWHM  and  a 
repetition  rate  of  82  MHz.  The  laser  system  irradiates  a  region  of  the  flame,  and  through 
interaction  with  atoms  or  molecules  in  the  flame,  light  is  absorbed  and  spontaneously  emitted. 
The  detector,  a  photomultiplier  tube,  measures  some  of  this  emitted  light  The  ouq)ut  of  the 
detector  is  fed  into  two  parallel  data  acquisition  channels.  The  low-bandwidth  acquisition  system 
uses  a  low-pass  filter  to  filter  out  individual  laser  pulses  and  records  the  integrate  fluorescence 
signal  which  provides  a  measure  of  the  low  frequency  (<10  kHz)  fluctuations  in  the  LIF  signaL 
The  low-bandwidth  system  can  be  used  alone  to  measure  concentration  fluctuations  in  systems 
where  tiie  variation  in  quendting  is  small.  The  high-bandwidth  acquisition  system  (0-2  GHz  real¬ 
time)  has  the  temporal  resolution  necessary  to  resolve  individual  fluorescence  decays,  and  thus 
can  be  used  to  measure  the  lifetime  of  the  decay  for  the  excited  state.  From  this  measurement 
of  lifetime,  we  can  determine  the  magnitude  of  the  quenching  rate  coefficient  Tbus,  when  die 
high-bandwidth  system  is  used  in  conjunction  with  the  low-bandwidth  system,  the  PITLIF 
instrument  can  correct  the  measured  concentration  fluctuations  for  large  variations  in  quenching. 


Previous  investigations  with  the 


Figure  2.  Nonnalized  equivalent-  and  real-time 
instnimentiespwises  and  fluorescence  decays  induced 
by  die  picosecond  pulsed  laser.  Eacbwavefonnin(a) 
was  oUained  using  equivalent-time  sanqiling  averaged 
over  500  waveforms  and  smoothed  using  a  digital  n- 
pole  Bessel  filter  with  a  700  ps  risedme.  Each 
wavefonn  in  (b)  was  obtained  by  summing  20 
individual  records  of 20464  points  acquired  at  1  GHz. 
The  symbols  in  (b)  designate  actual  data  points,  while 
die  lines  in  (a)  and  (b)  are  cubic  spline  fits  b^ween 
data  points.  Due  to  the  greater  point  drasity  for  the 
equivalent-time  data,  individoal  data  are  not  displayed 
in  (a). 


UF  instrument  have  been  concerned  with  the 
development  of  non-concurrent  low-  and 
high-bandwidth  acquisition.  We  studied  atomic 
sodium  seeded  into  a  laminar  diffusion  flame.  The 
burner  is  a  concentric  tube  design  in  which 
hydro^n  flows  through  a  circular  tube,  and  an 
oxygen/aigon  mixture  flows  through  a  surrounding 
armulus.  Sodium  is  seeded  into  the  oxygen/argon 
mixture  using  an  atomizer,  the  fluctuations  in 
sodium  are  caused  primarily  by  the  atomization 
process.  Using  this  simple  flame,  we  were  able  to 
demonstrate  the  utility  of  the  tedmique  for  systems 
in  which  concentration  fluctuations  are  caused  by 
turbulent  mixing  in  the  flame.  In  particular,  tte 
low-bandwidth  system  has  been  shown  to  be  very 
effective  in  obtaining  the  PDFs  and  PSDs  of  the 
sodium  concentration^ 

The  high-bandwidth  portion  of  the  PITLIF 
instrument  enables  measurement  of  die  local 
quenching  envirorunent.  Each  laser  pulse  induces 
a  fluorescence  decay  which  is  depicted  in  Fig.  2(a). 
The  instrument  response  to  scattering  from  a  laser 
pulse  is  also  included  in  Fig.  2(a).  Data  were 
acquired  using  random  equivalent  time  sampling  at 
an  efiective  rate  of  20  Gsamples/s.  The 
waveforms  in  Fig.  2  were  smoothed  using  a  digital 
n-pole  filter  with  a  time  constant  of  700  ps  after 
averaging  approximately  500  waveforms.  The 
FWHM  of  Ae  laser  pulse  is  approximately  2  ns 
while  that  of  the  fluorescence,  decay  is 
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aiquroximately  6  ns.  Since  the  instrument  response  time  is  on  the  same  order  of  magnitude  as 
tte  lifetime  of  the  decay,  a  convolute-and-compare  technique  must  be  utilized  to  obtain  the 
lifetime. 

Because  the  equivalent-time  mode  requires  an  acquisition  time  greater  than  the  timg  scale 
of  turbulmice,  it  is  only  suitable  for  measuring  the  average  quenching  environment  at  a  specific 
location  in  the  flame.  A  technique  employing  real-time  sampling  of  the  fluorescence  decays 
yields  similar  results  to  the  equivalent-time  method  while  utilizing  an  acquisition  rate  on  tlM  time 
scale  of  turbulence’.  To  simulate  real-time  data  samples  without  re-arming,  successive  real-time 
data  samples  were  combined  via  a  trigger  from  the  laser  mode-locker.  A  record  of  the 
fluorescence  signal  is  analyzed  by  dividing  it  into  data  ranges,  the  temporal  width  of  dw  ranges 
being  equal  to  the  inverse  of  the  laser  repetition  rate.  Each  of  these  data  ranges  is  divided  into 
bins  with  a  temporal  width  equal  to  the  inverse  of  the  acquisition  rate.  The  data  points  are 
accumulated  to  generate  a  composite  decay.  Unfortunately,  multiple  data  files  ate  requited  to 
reconstruct  a  suitable  decay.  At  the  acquisition  rate  of  1  Gsample/s,  the  maYimnm  number  of 
points  which  can  be  acquired  before  the  system  must  re-arm  is  20464.  The  resulting  20.S  ps 
sampling  time  was  not  sufficient  to  adequatdy  resolve  the  decay  fi*om  the  background  emission. 
By  obtaining  20  files  at  1  Gsample/s  (for  a  total  sampling  time  of  409  ps),  a  meaningful 
fluorescence  decay  can  be  reconstructed.  Figure  2(b)  displays  a  composite  fluorescence  decay 
of  sodium  using  the  real-time  technique,  as  well  as  the  measured  system  response  to  scattered 
laser  light  If  not  limited  by  the  memory  of  die  high-baudwidth  chaimel,  PITLIF  could  be  used 
to  correct  the  fluorescence  signal  for  variations  in  the  quenching  environment  on  the  time  scale 
of  turbulence. 

A  quantitative  comparison  of  equivalent-time  and  real-time  lifetimes  was  conducted  by 
measuring  the  fluorescence  lifetime  via  each  method  as  a  function  of  position  in  the  flame.  The 
results  are  shown  in  Hg.  3.  The  error  bars  (±2o)  were  determined  from  a  statistical  analysis 
using  20  trials  of  each  method  at  one  location  in  die  flame  (r  -  2  mm).  The  mean  (p)  and 
sample  standard  deviation  (a)  of  the  fluorescence  lifetimes  were  calculated  for  both  groups  of 
20  trials  and  fractional  errors  (p  /a)  were  determined.  The  resulting  fiactional  error  was  0.100 

for  the  equivalent-time  method  and  0.087  for  the 
real-time  method.  These  fiactional  errors  are 
assumed  to  be  independent  of  position  in  the 
flame. 

We  arc  currendy  applying  the  PITLIF 
technique  to  obtain  time-resolved  measurements 
of  OH  in  laminar  and  turbulent  CH/Oj/Nj  flames. 
Fluorescence  techniques  for  OH  require  laser 
wavelengths  in  the  ultraviolet  (e.g.,  ~308  nm). 
This  is  accomplished  with  the  use  of  an  LilOs 
crystal  which  ficquency-doubles  visible  light  fiom 
the  dye  laser  to  the  ultraviolet.  The  current 
system  also  utilizes  a  cavity-dumper  to  increase 
peak  pulse  power  (while  lowering  the  pulse 
repetition  rate);  this  allows  for  more  effective 
frequency-doubling  to  the  ultraviolet 
wavelengdis.  A  1/4-meter  monochromator  placed 


Figure  3.  Equivalent-time  and  real-time  fluorescence 
lifetimes  at  x  *10  mm  for  different  radial  positions. 
Tbe  uncertainty  ranges  for  bodi  methods  (±  2a)  are 
calculated  from  a  flactional  error  determined  from  the 
standard  deviation  of  20  lifetimes  acquired  at  r  *  2 
mm. 


95 


in  die  detection  path  is  used  to  reduce  badcground 
flame  emission.  Figure  4  displays  an  OH 
fluorescence  decay  obtamed  4  mm  above  the 
burner  surface  in  a  flat  laminar  CH/CVN}  flame 
witii  unity  equivalence  ratio.  The  decay  was 
obtained  using  random  equivalent-time  sampling 
at  an  effective  rate  of  10  Gsamples/s.  A  total  of 
500  waveforms  were  averaged  and  a  900  ps  n- 
pole  Bessel  Alter  was  utilized  to  obtain  a  smooth 
fluorescence  decay.  A  fluorescence  lifetime  of 
1.9  ns  was  measured  using  the  convolute  and 
compare  method.  Bergano  et  al.^  measured  the 
lifetime  of  OH  to  be  1.83  ns  in  a  laminar, 
premixed  CH^air  flame  using  a  streak  camera 
and  a  low-repetition  rate  (10  Hz)  laser  system. 

We  have  demonstrated  that  variations  in  the 
quenching  environment  can  be  measured  utilizing 
the  high-bandwidth  system  in  a  random 
equivalent  time  sampling  mode  and  also  via  real¬ 
time  sampling.  These  measurements  make  it 
possible  to  correct  the  concentration 
measurements  for  collisional  quenching.  Future  work  will  focus  on  measuring  quenching  rate 
coefficients  of  OH  measured  in  near-adiabatic,  laminar  C^H^/Os/Nj  flames  and  comparing  these 
to  quenching  rate  coefficients  determined  by  assuming  equilibrium  chemistry  and  using  known 
collisional  cross-sections  for  the  major  quenchers  in  these  flames.  PDFs  and  PSDs  of  OH 
concentration  obtained  in  turbulent  flames  will  show  the  potential  of  the  technique  to  make 
quantitative  measurements  of  minor  species  concentrations  in  practical  combustion  systems. 
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Flgiure  4.  Normalized  equivalent-time  instrument 
re^xmses  and  OH  fluorescence  decays  induced  by 
the  picosecond  laser.  Each  waveform  was  obtained 
using  equivalent-time  sanopling  averaged  over  500 
waveforms  and  smoothed  using  a  digital  n-pole 
Bessel  filter  with  a  900  ps  risetime. 
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SOMNARY/OVERVIEW:  The  effect  of  reacting  and  non-reacting  gas 
additives  on  soot  formation  in  premixed  propane-oxygen  flame  h2us 
been  investigated.  Transmission,  scattering  and  ten^rature 
measurements  were  made  at  several  downstream  locations.  The  soot 
volume  fraction,  particle  radius,  and  number  density  were  derived 
frcsn  488  nm  laser  beam  transmission  and  Mie  scattering 
measuronents .  The  temperature  was  measured  by  a  two  color 
pyrometer.  The  sooting  characteristics  show  nearly  identical 
behavior  with  argon  and  nitrogen  flame  dilution.  The  small 
quantities  of  SF^  additive  were  found  to  be  an  effective  soot 
suppressor  for  prop2me-oxygen  flame. 

TBCHMICAL  DISSCUSSION:  The  effects  of  additives  on  soot 
growth/suppression  are  being  studied  in  a  premixed  propane-oxygen 
flame,  using  a  flat  flame  burner.  The  soot  volume  fraction,  soot 
diameter,  soot  density  and  the  flame  (soot)  temperature  have  been 
simultaneously  measured  to  permit  correlation  of  soot  reduction 
with  nitrogen,  argon  and  SF«  gas  additives. 

Three  non-intrusive  optical  techniques  eure  used  to  measure  the 
Mie  scattering,  the  laser  transmission  and  the  flame  (soot) 
temperature^.  The  Mie  scattering  is  measured  at  a  90*  scattering 
euigle  with  both  the  incident  and  the  scattered  beam  vertically 
polarized.  The  extinction  measurement  is  performed  with  the  laser 
beam  split  into  a  50-50  ratio  before  entering  a  mechemical  chopper. 
The  reference  and  the  probe  beams  are  aligned  to  yield  a  180*  out 
of  phase  signal  so  that  in  €d>sence  of  any  attenuation  of  the  probe 
beam,  the  signal  obtained  from  the  lock-in  amplifier  is  zero.  This 
detection  arrangement  not  only  removes  incoherent  noise,  it  also 
helps  to  reduce  coherent  laser  and  detector  noise.  This 
experimental  approach  significeuitly  improves  the  signal  to  noise 
for  beam  attenuation  measurement  under  low  extinction  (low  soot) 
conditions . 

A  line  of  sight  integrated  two  color  pyr(Xiietric  technique  is 
used  to  measure  soot  teiiq)erature.  The  radicaoetric  measurements  at 
980  nm  and  1600  nm  are  corrected  for  the  optical  signal  attenuation 
to  obtain  the  soot  surface  teiiq)erature.  The  gas  teiiq>erature,  for 
optically  thin  flames,  is  obtained  by  the  same  radiometric  setup 
with  a  10  micron  Sic  fiber  acting  as  a  grey  body  emitter^. 

The  effect  of  gas  dilution  on  soot  has  been  measured  for  the 
equivalence  ratios  between  2.0  and  2.7,  at  several  post  reaction 
zone  locations,  with  nitrogen,  argon  and  SFg.  The  influence  of 
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argon  flow  on  temperature,  Mie  scattering  and  tremsmission  are 
shown  in  figute  1  for  <1>b2.06  and  8  mm  above  the  burner  head.  Note 
that  the  transmission  and  the  temperature  variations  both  exhibit 
monotonic  dependence  on  argon  flow.  The  observed  soot  temperature 
increase  is  due  to  the  flame  streching  emd  the  soot  volume  fraction 
reduction  (inversely  proportional  to  the  tremsmission)  is  due  to 
both  the  temperature  increase  and  the  flame  dilution. 

The  flame  dilution  with  nitrogen  exhibit  soot  behavior  similar 
to  the  argon  flame  dilution.  A  comparison  of  the  soot  volume 
fraction  change  with  teo^rature  (flow  rate)  for  argon  and  nitrogen 
flame  dilution  is  shown  in  figure  2.  This  measurement  was  made  at 
19  mm  from  the  burner  head  and  at  the  same  equivalence  ratio  as  the 
data  shown  in  figure  1. 

The  SF,  additive  has  been  kno%m  to  reduce  soot  in  ethylene 
flame’.  The  effect  SFc  additive  on  transmission,  Mie  scattering  and 
soot  temperature  in  a  heavily  sooted  (^2.57)  propane-oxygen  flame 
is  shown  in  figure  3.  Note  that  a  small  amount  of  SF(  additive  (~ 
100  ml/min)  significantly  increases  the  tremsmission  emd  decreases 
Mie  scattering  intensity.  Obviously  SF^  participates  in  the  flame 
chemistry  to  modify  soot  formation. 

The  soot  volume  fraction  change  with  the  SF^  flow  rate  is 
shown  in  figure  4.  Assuming  the  soot  particles  are  spherical  and 
that  no  aggl<xiieration  occurs,  the  soot  particle  radius  and  soot 
number  density  can  be  estimated  from  the  transmission  and  the  Mie 
scattering  measurements.  The  scattering  intensity  is  normalized 
with  respect  to  the  N,  Rayleigh  scattering  measurement.  The  soot 
peurticle  radius  and  the  number  density  veuriation  with  the  SF^  flow 
rate  are  also  shown  in  figure  4.  Note  that  at  low  SF,  flow  rate 
the  soot  particle  radius  does  not  chemge  and  the  soot  number 
density  decreases.  This  behavior  is  opposite  to  the  effects 
demonstrated  by  the  metal  additives. 
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SUMMARY/DVERVIEW 


NcHunstrusive  in-situ  optical  diagnostics  techniques  have  the  potential  to  determine  dte 
diemical  species  and  physical  properties  of  multiconqxxient  liquid  (hoplets  in  a  spray  combustor. 
Oinr  research  is  directed  toward  the  understanding  of  nonlinear  optical  interactions  occuring  wititin 
indiviAial  droplets  which  decrease  in  size  because  of  the  evaporative  process  and  are  deformed  in 
shiqie  because  of  inertial  effects.  One  of  die  lo^  objectives  of  the  research  is  to  extract  from  die 
nordinear  q>tical  spectra,  infoimatkm  pertaining  to  die  evaporation  rate  of  closely  spaced  flowing 
droplets  aixl  to  dr^et  shtqie  defbnriatioiis.  Tte  two  main  research  results  duririgtiie  past  year 
are:  (1)  the  detemoinaticHi  of  evaporation  rates  of  various  droplets  in  a  segmented  stream  ftowing 
ataccHistantqieed;^  (2)  the  realizaticm  that  the  wavelengdi  of  the  lasing  qaaission  emerging  from 
diffatent  porticns  of  tte  drc^let  rim  contains  information  on  die  droplet  drfoimaticn  sha^ 

Q.e.,  wh^er  it  is  an  oUate  or  prolate  spheriod),  as  well  as  on  the  (hoplet  deformation 
anqilitude.^ 

TECHNICAL  DISCUSSION 

The  qiherical  liquid-air  interface  of  a  droplet,  with  radios  a  much  larger  dian  die  wavelength, 
acts  as  an  optical  cavity.  The  normal  modes  of  a  dielectric  sidiere  are  referred  teas  moaphcdogy- 
dqiendent  resonances  (MDRs),  which  occur  at  discrete  size  parameters  Xn,  jt  =  2ia/ka,i,  where 
(^,iL)'s  are  discrete  wavelengdis.  The  index  n  designates  die  MDR  mode  number,  angular 
momentum  of  the  mode,  or  1/2  of  the  number  of  intensity  maxima  around  the  equatorial  plane.  The 
index  Jl  designates  die  mode  ordo*,  radial  mode  number,  ot  the  number  of  angle-averaged  intensity 
maxinia  akmg  the  radial  directitxi.  For  a  perfect  ^here,  a  MDR  at  Xn,ji  is  (2n  -f  1)  degenerate, 
ie.,  die  frequency  of  this  MDR  is  independent  of  the  azimuthal  mode  number  m,  which  can  assume 
values  ±n,  ±(n  -  1),....,0. 

For  a  qiheroid  with  an  axisymmetric  z-axis,  perturbatkm  theory  has  shown  that  each  of  the  (n  -i- 1) 
h^Rs  is  frequency  stuffed  from  the  (2n  -»■  l)^generate  MDR  of  a  spherical  droplet  When  the 
distertion  anqilitude  is  small,  the  perturabtion  dieory^  provides  an  analytical  expression  for  the 
MDR  frequency  of  a  spheroid  that  dqiends  on  ni^, 

A(a(in) 

ODO 

v^aett  coo  is  die  frequency  of  a  MDR  at  Xn^,  and  the  distortion  anplitude  is  e  =  fre  -  rp)/a  «1.  The 
droplet  polar  and  equatorial  radii  are  rp  and  re,  respectively.  The  radius  of  the  equivolume  ^heie  is 
a.  Note  that  die  frequency  shift  to  the  "red"  or  to  die  "blue"  (Le.,  Aco  =  ±)  is  dependent  on  the  sign 


-  _  1  1  3in^ 

~  6  L  n(n  +1) 
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ofe.  Thus,  die  shape  deformatioa(whedier  it  is  oblate  OT  prolate)  as  well  as  the  distonim 
amplitude  can  be  qiectroscopically  detennined 

We  make  use  of  the  ficequency  shifts  of  MDRs  to  deduce  the  radius  decrease  of  drc^lets  which  are 
closely  q[>aced  and  hence,  hydrodynamically  affecting  the  evapocation  rate  of  various  droplets  in  die 

flow  field.^  The  wavelength  shift  (tf  a  MDR  (AX)  is  sinqily  related  to  the  drc^let  radius  change  as 

follows:  An  (e/X)  AX.  Results  from  a  continuous  stream  and  a  segmented  stream  are  conpared.^ 
We  also  make  use  of  the  degoieracy-split  qiectra  of  MDRs  to  determine  the  defonnadon  amplitude 
as  well  as  die  defnmation  stupe  of  flowing  droplets.^ 

In  Older  to  determine  the  evapoi^on  rate,  Hg.  1  shows  die  esqierimental  seup  that  is  able  to  detea 
simultaneously  die  MDR  petucs  in  the  lasing  emission  from  numerous  droplets  in  a  continuous 

dropla  stream  or  in  an  isolated  drcpla-stream  segment  When  die  droplet  a  decreases  to  a  -  Aa, 

die  wavelengdi  locatkai  of  each  MDR  is  correspondingly  "Uue”  shifted  (-  AX),  because  a  shorter 
wavelengdi  is  needed  to  fit  into  the  new  circumference  (see  Fig.  2).  The  lasing  MDR  speora  from 
closely  graced  droplets  in  a  segmented  stream  is  shown  in  Hg.  3.  Nott  that  the  lasing  MDR 
wavdengths  of  leading  droplets  occur  at  progressively  shorter  wavelengdi,  indicating  that  these 
droplets  are  smaller  than  the  trailing  droplets  (see  Hg.  3).  The  lasing  pectrum  of  the  lead  drcpfet  is 
a  omtinuum,  because  the  lead  droplet  has  three  dmes  the  vdume  of  the  trailing  droplets  and 
cmisequently,  largely  distoted.  The  evaporation  ratts  of  different  droplets  in  the  segmented  stream 
are  summarized  in  Hg.  4. 

In  order  to  determine  the  deformadcn  shape  and  aixplitude,  we  use  the  same  eiqieiimratal  set^  diat 
isriiowninHg.  1.  We  realized  that  die  different  azimuthal  modes  m  have  a  different  inclinatiM 
with  respea  to  the  droplaaxisymmetric  axis,  z.  The  lasing  emissioi  along  the  entire  droptet  rim 
would  have  a  different  frequency,  because  each  ±m  modes  of  a  s[dieriod  have  a  different  frequency. 
The  wavelengdi  variatkm  ^ould  from  a  par^la  (see  Hg.  5),  starting  from  die  drppla  poles  and 
ending  on  the  drcpla  equatorial  plarie.  ^en  the  individual  (hoplets  are  imaged  onto  the  entrance 
slit  of  an  image-preserving  spec^grtph  (see  teft  side  of  Hg.  6),  the  resultant  lasing  spectra  from 

five  dnplets  are  shown  on  the  right  side  of  Hg.  6.  By  observing  the  =>-  and  c-shaped  pectra,  we 
can  deduce  that  the  droplet  slupe  varies  fimn  {xolam  to  neatly  pherical  to  oblate,  even  dxw^  die 
actual  photogrs^dis  indicate  diat  die  droplets  are  sphoical,  at  IS  mm  down  stream  from  the  orifice. 
Hgure  7  shows  the  lasing  spectrum  from  a  single  droplet,  which  is  greatly  magnified  onto  the 
entrance  slit  The  spatially  preserved  lasing  spectrum  forms  a  parabolic  shape.  We  deduce  from  the 

3-  stuped  plectrum  diat  this  droplet  has  a  deformed  shape  of  a  prolate  spheriod  with  a  deformatkm 
amplitude  of  e  =  4  x  lO'^. 
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Hgnm.  1  ThA  e:q)eriiiiencal  amngemenL  A  liser 
ben  it  fbcund  into  a  tbeet  and  iindiates  n 
itoleted teynented dro|det ttien.  Thedye- 
ladng  rignalt  from  die  draplfitt  are  collected  at 
90*  leqMct  to  die  laaer  aheet  A  CCD  camera 
(not  afaown)  laooidc  aimnltaneoualy  die 
wayekngdi  Aqiened  laaing  qwctra  (along  the 
hcriwntal  exit)  and  dw  qiatial  locatkm  of  eadi 
Aoplet  (aktog  the  vertical  <>axia). 


Figure  2  Two  aett  of  MDR  peaka  with  the  tame 
mode  number  n't  fiom  two  dropleta  with  different 
tizea.  The  conaecutive  n't  iin|>ly  diat  dwae  MDR 
peaka  are  aiaociated  widi  the  tame  order  mnnber 
t. 


(i)  20  an  bdow  die  orifice 


(b)  2S  nun  bebw  the  orifice 
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RgnreS  The  tpectrally  and  tpadally  resolved  CCD  recordings 
of  an  isolated  segmented  droplet  stream  at  (a)  20  nun  below  die 
orifioe  and  (b)  at  25  mm  below  the  orifice.  J^tween  (a)  and  (bX 
die  time  ddsy  of  the  pump  laser  pulse  is  0.5  ms.  The  lasing 
qiectnmi  of  die  lead  droplet  is  a  continuum.  Droplet  #2,  which 
it  Satinet  in  (aX  it  just  about  to  coalesce  with  the  lead  droplet 
in(bX 


*a  0  |^■>7.2xlO-4cmyMC 

#7  Q  -73  X  10-«oBi  «Mc 
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#3  0  ^^axl0-*aB*Aec 

#2  Q  ^--11.2xI0-*on*/KC 

41  ?  (coBtiiinum  ipncirem) 

Figured  The  tabulation  of  droplet 
evqxndon  rates  (expressed  as  dw 
decreasing  rate  of  dw  droplet  aurface 
area)  for  dw  first  several  dropleta 
in  a  segmented  dn^plet  stream. 
Because  dw  lead  droplet  ia  so  tfistortod 
that  evapmation  rate  cannot  be 
deteimined  widi  the  spectroecopic 
technique. 
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Figan6  At  mediam  nufiufieation  (Sx),  the 
jnme  die  lasim  drofdett  (IS  mm 
bdow  the  orifice)  as  di^  appear  at  the 
eatnaoe  dit  QSO  )un  wide)  of  a  qiectiognph 
(leftotdnmn).  For  (a)  the right-h^ rim  and 
for  (b)  the  Mt-4ialf  rim  is  ii^ed  onto  die 
slit.  Hie  spatially  preserved  wavelength- 
(fiipersed  data  capn^  by  a  CCD  camera  are 
ibowB  OB  the  li^  side.  Note  the  s- and  c- 
diaped  carves  are  better  resolved  q»dally 
dun  in  Ra.  13. 


Wavelaigtb(iin) 


Hpure  7  (a)  At  larger  magnification  (20xX 
the  right  half  of  drcolar  image  of  a  sbgle 
droplet  (10  mm  below  the  orifice)  fits  into 
the  entrance  slit  (800  (un  wide)  of  a 
spectrognqih.  (b)  The  spadalfy  preserved 
wavelength-dispersed  dau  cqnired  by  a  CG3 
camera. 
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SUMMARY/OVEBVIEW: 


The  research  program  concerns  the  detailed  three-dimensional  interactions  of  nmnlated  tnrbn- 
lent  flow  stmctnies  ndth  individual  droplets.  Initially  cylindrical  vortices  advect  past  a  sphere. 
Naner-Stokes  eqoatkms  describe  the  unsteady  flow  Add.  Finite-difference  computations  yidd  flow 
properties  pins  temporal  bdiavior  of  lift,  drag,  and  moment  coefficients  on  the  sphm.  Usefol 
OQrrdations  {<x  these  coeffidents  are  obtained. 

AUTHORS 

WA.  Siiignano  S.E.  ISghobashi  L  tHm 

TECHNICAL  DISCUSSION 

Droplet  -  Tttrbnlent  Interaction  Over  a  Wide  Spectral  Range 

A  themetical/onnpntatkmal  analysis  of  the  interactions  of  droplets  with  a  turbulent  field  is 
being  conducted.  We  ate  particolarly  Interested  in  the  important  and  challenging  high-frequenqr 
domain  where  turbulent  length  scales  are  comparable  to  droplet  dze.  To  simulate  the  three- 
dhnensioaal,  unsteady  interactions,  a  Navier-Stokes  solver  was  devdoped.  The  altemating-Direction- 
Predictor-Corrector  scheme  and  a  pressure  correction  equation  are  employed. 

We  first  investigated  three-dimensional  flow  interactions  between  a  vortical  (initially  cylindrical) 
structure  flowing  with  the  free  stream  and  a  spherical  partide  fixed  in  space.  A  schematic  of  this 
problem  is  shown  in  ilgure  1-a  where  the  vortex  tube,  whose  diameter  is  of  the  order  of  the  sphere 
diameter,  is  initially  located  ten  radii  upstream  from  the  center  of  the  sphere.  The  vortex  tube  has 
a  small  core  re^n  with  a  radius  o  normalized  by  the  sphere  radius.  The  vdodty  induced  by  a 
vmtex  tube  approaches  zero  as  the  distance  from  the  center  of  the  vortex  tube  goes  to  zero,  and  at 
distances  greater  than  <r,  the  induced  vdodty  is  Mmilar  to  the  point  vortex.  Initially,  the  lift  forces 
are  podtive  due  to  upwash  on  the  sphere,  then  become  negative  due  to  downwash  and  higher  fluid 
vdodty  near  the  bottom  of  the  sphere  when  the  vortex  tube  passes  the  sphere. 

We  examined  the  effects  of  the  size  of  the  vortex  tube  on  the  flow  fidd  by  performing  compu¬ 
tations  for  Re  (Rqmdds  number)  =  100,  (offiet  distance)  =  0,  and  five  different  sizes  of  the 
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vortox  tub«y  0.25  <  9  <  4  in  addition  to  the  base  case  <7=1.  Each  amnlation  is  performed  with  two 
different  values  of  Vmw  =  0.1  and  0.3,  where  denotes  the  maximnm  flactoation  velocity  due 
to  the  vOTtex  tube  and  equals  to  the  circulation  of  the  vortex  tube  divided  by  (2  r).  Table  1  shows 
the  nns  hit  and  moment  coefficients  as  a  function  of  p-,„  for  six  different  initial  radii  of  the  vortex 
tube,  O'  s  4, 3, 2, 1,0.5,  and  0.25.  The  root  mean  square  (rms)  is  evaluated  for  the  dimensionless 
time  span  23.4.  AH  the  coefficients  are  linearly  proportional  to  v„it  each  tr.  When  <r  >  2,  all 
the  coefficients  become  independent  of  a.  When  a  approaches  zero,  all  the  coefficients  should  be 
proportional  to  (<rOnM«)  which  is  the  eircvlation  of  the  vortex  tube  divided  by  2t  (F,  =  2xav,^). 
Ibr  example,  is  expressed  by 

Ct,mu  ”  2  <  <7  <  4  (1) 

“  ^3  VfiM*  j  0.25  ^  <r  <  2,  0.75  ^  u  ^  0.5  ,  (2) 

where  the  constant  ci  s  1  and  Cj  =  0.65,  and  n  depends  on  a  and  should  approach  unity  as  o 
reaches  zero.  Cu^m*  sk  slso  expressed  by  equation  (1)  and  (2)  with  cj  =  0.055  and  cj  =  0.05. 
The  time  averaged  value  of  the  deviation  of  the  drag  coefficient  firom  that  of  the  axisymmetric  flow 
past  a  sphere  f<x  all  values  of  o'  is  nearly  zero  (O(10~^)). 

In  summary,  the  lift  and  moment  coeffidents  depend  only  on  circulation  at  small  values  of  a 
while  they  depend  only  on  u-,,,  (and  not  c)  at  large  values  of  <7.  For  mid-range  values  of  <7,  they 
depend  <»i  both  <r  and  (or  equivalently  both  <t  and  F.). 

In  order  to  examine  in  more  detail  the  effects  of  the  size  of  the  vortex  tube  to  the  drag  on  the 
sphere,  we  performed  the  same  calculation  as  the  above  but  with  d^n  —  —2.  The  behavior  of  the 
deviation  of  the  drag  coefficient  from  that  of  the  axisymmetric  flow  past  a  sphere  is  similar  to  that 
of  the  lift  and  moment  coeffidents  described  above.  For  example,  Cd.^*  averaged  over  time  span 
23.4  is  expressed  1^ 

Cb.m*  —  Co,ami  ■+■  ^1  VmMt  2  <  (7  <  4  (3) 

*  +  ^2  t  0.25  $  <  2,  0.75  ^  u  >  0.5  ,  (4) 

where  the  constaat  ci  =  -0.45  and  cj  =  —0.28,  and  n  depends  on  <7  and  should  approach  unity 
as  O'  teaches  zero.  Co,»mi  in  equations  (3)  and  (4)  represents  the  time  averaged  value  of  the  drag 
coeffident  in  the  case  of  =  0. 

The  effect  of  Beyndds  number  (  20  <  ffe  <  80  )  on  the  rms  lift  and  moment  coeffidents  was 
investigated  for  the  vortex  size  1  <  o  <  4.  The  rms  lift  and  moment  coeffidents  are  linearly 
prc^Kirtional  on^  to  and  independent  of  <7  when  <7  >  2  at  fixed  Reynolds  number  as  described 
above  for  i2e  s  100  and  expressed  by 

Ci,rm.  =  6.3  t;m«  (5) 

Cjr.rm,=2.9wRe-®**,  (6) 

where  the  toot  mean  square  (rms)  is  evaluated  for  the  dimensionless  time  span  23.4. 

We  summarize  our  findings  whidi  are  ffirectly  rdevant  to  practical  applications  as  below. 

(i)  The  deflection  of  the  partide  path  will  depend  on  the  magnitude  of  the  rms  lift  coeffident 
(eqnatkm  (5))  and  the  ratio,  Pr,  of  the  particle  density  to  that  of  the  carrier  fluid  {Cl  =  \PrA.,  where 
A  is  the  accderation  of  the  particle  due  to  the  lift  force).  This  result  provides  a  simple 

method  to  estimate  the  deflection  of  partide  trajectory  in  the  dilute  partide-laden  turbulent  flow. 
Equatimi  (5)  and  the  nondimensionalized  Newton’s  second  law  shows  that  the  deflection  becomes 
doudy  higher  as  R/^dds  number  becomes  smdler. 
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(u)  The  nu^snitude  of  the  rms  moment  coefficient  of  the  particle  is  one  order  magnitude  less 
than  that  of  the  rms  lift  coefficient  when  JZe  >  20.  However,  we  can  deduce  from  equation  (6) 
that  the  moment  will  be  important,  and  its  magnitude  will  be  comparable  to  that  of  the  lift  when 
Re<l. 

(iii)  When  a  vortex  tube  advected  by  a  uniform  free  stream  approaches  a  sphm,  the  sphere 
experiences  lower  drag  than  that  of  a  sphere  subjected  to  an  axisymmetric  flow  if  the  sphere  were 
free  to  move  rather  than  fixed,  unless  the  initial  off^  distance  of  the  vortex  tube  is  large  positive. 
The  lower  drag  is  caused  by  the  upward  motion  of  the  sphere  due  to  the  upwash  of  the  approaching 
vortex  tube,  and  thus  the  center  of  the  vortex  tube  would  be  located  below  the  front  stagnation 
pdnt  of  the  sphere.  This  causes  lower  dynamic  pressure  ahead  of  the  front  stagnation  point. 

(iv)  We  observe  some  interesting  flow  phenomena  in  the  near  wake  as  a  function  of  time 

on  the  passage  of  the  vortex  tube  as  shown  in  ilgure  2,  which  displays  the  pseudo-streamlines 
(left  aflumn)  and  y-component  of  the  vortidty  (right  aflnmn)  in  the  x-z  symmetry  plane  at 
t  ss  0,1,6,9,10,  and  11  for  Re  =  100,  d,//  =  0,  =  1,  and  ~  r,/(2x<r)  =  0.4.  The  contour 

values  of  the  pseudo-streamlines  are  0,  ±0.02,  ±0.1,  ±0.3.  The  contour  values  of  the  vortidty  are 
±0.4,  ±0.5,  ±0.8,  ±1.4,  ±2,  with  the  highest  magnitude  at  the  sphere  surface. 

We  now  investigating  three-dimensional  flow  interactions  between  a  pair  of  vortex  tubes  flowing 
aith  the  free  stream  and  a  spherical  particle  fi^md  in  space  as  shown  in  Figure  1-b. 

The  Cft  coeffidents  of  the  sphere  as  a  functmn  of  time  were  computed  for  Re  =  100,  d,ff  s  1.5, 
and  o  s  1  with  for  four  different  maximum  fluctuation  velodties  due  to  the  vortex  tubes  rotating 
counter-clockwise.  The  rms  lift  coeffident  is  linearly  proportional  to  as  in  the  case  of  the 
interaction  of  a  sinf^  vortex  tube  with  a  sphere.  More  investigations,  for  example,  on  the  vortex 
tubes  rotating  in  different  direction,  are  underway. 
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Figure  1-a  Flow  geometry  and  coor<bnate  for  one  vortex  tube 


Figure  1-b  Flow  geometry  for  a  pair  of  vortex  tubes 


C^Lrms 

C)4;nu 

O'  =*  4 
0.3 

0.1 

0.307 

0.102 

0.0161 

0.00546 

0  3  3 
0.3 

0.1 

0.299 

0.0997 

0.0169 

0.00577 

0*2 

0.3 

0.1 

0.271 

0.0907 

0.0169 

0.00593 

0*1 

0.3 

0.1 

0.195 

0.0658 

0.0138 

0.00514 

o  =  0.5 
0.3 

0.1 

0.119 

0.0402 

0.00953 

0.00355 

0  =  0.25 
0.3 

0.1 

0.0660 

0.0221 

0.00587 

0.00210 

Table  1.  Rms  lift  and  moment  coefficients 
as  a  function  of  for  six 
different  radii  of  the  vortex  tube. 
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SUMMARY 

An  experimental  and  computational  effort  has  been  directed  towards  aspects  of  the 
inUatiction  between  spray  droplets  and  turbulence  in  a  shear  flow.  Earlier  phases  of 
the  project  were  concerned  with  single  droplets  in  a  round,  turbulent  jet.  The 
experimental  results  have  shown  that  a  turbulent  Stokes  number  near  unity  leads  to  a 
particle  diffusivity  greater  than  the  fluid  diffiisivity.  Large  Eddy  Simulations  of  the 
process  were  coii:q>leted  with  a  Smagoiinsky  model  fta*  sub>grid  scale  effects.  Current 
efforts  are  directed  towards  extending  the  research  into  actual  sprays.  The 
experimental  group  recendy  demonstrated  that  it  is  possible  to  track  the  motion  of  an 
in^vidual  fluorescent  particle  within  a  turbulent  spray.  The  numerical  scheme  has 
been  extended  to  include  many  particles  in  the  flow  that  modify  the  turbulence  of  the 
continuous  phase. 

TECHNICAL  DISCUSSION 

Theory  and  Computation 

Direct  simulation  of  turbulent  round  jets  and  turbulent  si^ays  is  not  within  the 
capabilities  of  present  computers.  The  mass  loading  of  realistic  sprays  in  a  turbulent 
envirorunent  is  several  orders  of  magnitude  too  high  for  the  available  computer 
memory  and  speed.  Therefore,  the  confutation  of  the  turbulent  flow  field  is  based 
on  the  notion  of  simulating  the  large  eddies  and  modelling  the  effect  of  the  snudl  and 
unresolved  eddies  on  the  large  and  resolved  ones  as  described  in  the  contract 
proposal.  The  work  on  the  LES  model  for  the  continuous  phase  is  concluded  using 
the  Smagorinsky  model  for  the  sub-grid-scale  motion.  Furtiiermore,  a  simple  model 
for  the  effect  of  tiie  particles  on  the  continuous  phase  was  developed,  which  is 
essentially  a  momentum  balance  for  a  fluid  volume  containing  particles  moving 
relative  to  the  continuous  phase.  The  current  theoretical  work  is  aimed  at  the 
simulation  of  particle  subsets  using  stochastic  differential  equations  that  reflect 
not  <mly  the  interacticm  of  particles  with  the  continuous  phase,  but  also  the  change  in 
particle  numbers  in  a  subdimiain  of  the  flow  field  that  moves  with  a  velocity  averaged 
over  the  particles.  The  result  should  allow  a  Lagrangian  -type  treatment  of  hi^er 
particle  loading  without  using  two-fluid  models  fm  the  particulate  phase. 

The  present  status  of  the  prediction  model  for  particle  transport  in  turbulent  jets  is 
illustrated  in  Fig.l  and  Fig.2.  The  turbulent  flow  in  around  jet  at  the  Reynolds 
nuniber  Re=13000  is  simulated  with  the  LES  model;  particles  are  injected  uniformly 
at  the  entrance  section  with  a  velocity  vp  =  0.448  m  s~^  smaller  than  the  velocity  of 

the  continuous  phase,  which  is  v  =  13  m  s~^  in  the  core  region.  Thirty  four  particles 
are  injected  every  tenth  time  step  corresponding  to  a  mass  loading  of  2.3%.  The  first 
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figure  shows  the  scatter  plot  of  the  particles  at  x/I>=14.  The  model  for  the  effect  of 
tlw  unresolved  motion  of  the  continuous  phase  is  not  yet  included  in  the  particle 
eqiiations.  Hence,  particles  form  in  some  instances  coherent  strings  which  would  be 
dififused  by  the  random  process  describing  the  small  scale  effects.  The  particles  have 
a  distinct  effect  on  the  continous  phase  as  Fig.2  shows.  The  upper  graph  contains 
the  flow  field  without  the  effect  of  the  particles  on  the  continuous  phase  and 
the  lower  graph  the  flow  field  for  the  same  conditions  with  the  particle  effect.  The 
particles  are  injected  at  lower  velocity  than  the  continuous  phase  and  act  as  an 
additional  distu^ance.  The  roll-up  of  the  shear  layer  is  accelerated  and  starts  further 
upstream  than  in  the  lower  graph,  but  the  development  of  large  structures 
downstream  is  reduced. 


Experiments 

Droplet  dispersion  has  been  measured  in  a  turbulent  round  jet  of  air  issuing  into  still 
air.  Inchvidual  droplets  were  formed  with  a  piezo-electric  (tevice;  they  were  injected 
onto  the  centerline  of  the  jet  Their  location  across  the  jet  was  measured  at  different 
axial  stadcms  with  a  laser  sheet  and  position  sensing  photomultiplier  tube. 

Measurements  of  droplet  dispersion  in  an  isothermal,  non-reacting  flow  have  been 
obtained  with  variations  in  droplet  response  times  and  turbulence  time  scales.  The 
Reynolds  numbers  of  a  round  jet  have  been  varied  fiom  10,000  to  30,000.  The 
nozzle  diameter  has  been  varied  fiom  7  to  12  mm.  Two  droplet  sizes  have  been 
investigated  viz.,  60  pm  and  90  pm.  Results  were  analyzed  in  toms  of  the  turbulent 
Stokes  numbers  based  on  the  droplet  response  time  and  the  integral  time  scale. 

Dispersion  (mean  square  displacement  of  the  droplets  fiom  the  centerline  of  the  jet) 
was  measured  as  a  function  of  time  of  flight  The  curve  of  mean  square  displacement 
has  been  differentiated  with  respect  to  time  to  obtain  droplet  diffusiviQr.  The  droplet 
difiiisivity  has  been  compared  with  the  edcfy  diffusivity  in  terms  of  an  inverse  particle 
Schmidt  number  as  a  function  of  the  tuibuleiKe  Stokes  number.  The  results  that  are 
presented  in  Fig.  3  indicate  that  as  the  Stokes  number  tends  to  zero,  the  Schmidt 
number  trads  to  unity  as  the  droplets  api^ach  the  behavior  of  a  fluid  particle.  At 
large  Stokes  numbers,  die  inverse  Scl^dt  number  attains  a  maximum  around  a 
Stokes  number  of  1. 


The  latest  phase  of  the  experimental  research  involves  the  addition  of  a  spray  to  the 
jet  an  ultrasonic  atomizer  is  use  produce  a  fine  spray  with  a  SMD  of  around  50  pm. 
Tbe  sjnay  is  introduced  tangentially  to  the  flow  of  air  through  a  chamber  as  shown  in 
Fig.  4. chamber  is  designed  to  have  a  small  flow  of  air  through  the  walls  and 
th^gh  the  central  tube  to  prevent  the  spray  hitting  the  walls  and  creating  drips. 
Single  droplets  that  are  see^d  with  fluorescein  dye  are  created  at  the  top  of  &e 
chani^  with  a  piezoelectric  droplet  generator.  The  fluorescent  droplet  passes  through 
tbe  spray  to  leave  the  nozzle  on  the  centerline.  As  it  passes  through  an  Argon  ion  laser 
sheet,  it  emits  fluorescence  at  a  longer  wavelength.  The  fluorescence  is  detected  by  a 
posititm  sensing  photomultiplier  tulw  to  yield  a  measure  of  the  location  and  velocity  of 
the  particle. 


A  major  challenge  over  the  past  year  has  been  to  obtain  good  signals  firom  the 
flu(»escent  particles  in  the  very  strong  background  Mie  scattering  from  the  spray.  The 
background  scattering  has  been  blocked  with  a  Raman  filter  followed  by  a  colored 
glass  long  pass  filter.  The  combination  of  filters  offers  up  to  6  orders  of  magnitude 
rejection  of  &e  laser  wavelength. 
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It  has  been'demonstrated  recently  that  it  is  possible  to  detect  droplets  as  small  as  30 
(im  against  the  scattering  from  a  spray  with  a  mass  loading  as  high  as  7%.  Thie  signal 
to  noise  ratio  is  excellent.  It  will  be  possible  with  this  technique  to  determine  tl^ 
impact  of  the  mass  loading  on  the  dispersion  of  the  individual  drc^let  a  function  of  the 
rime  of  flight  and  the  droplet  velocity. 


.10  0  1  0  20  r'm.n- 


o  Re  =  20,000,  dd  =  fiOjim 
®  Re  =  30,000,  dd  =  60^in 


Fig.  1  Scatter  plot  of  particle  location  at  x/D.  Figure  3  Inverse  Particle  Schmidt 
=14  in  a  turbulent  jet  with  Re  =  13000  Number  as  a  function  of  Turbulent 
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Hg.2  Velocity  field  without  particles  (upper  graph)  and  with  particles  (lower  gr^h) 
in  a  tuiixilent  jet  at  Re  =  13000. 
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Figure  4  Apparatus  for  tracking  Fluorescent  Particles  in  Tuibulent  Spray 
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SUMMARY 

A  numerical  solution  of  the  problem  of  the  nonlinear  instability  of 
a  viscous  liquid  sheet  issued  in  a  quiescent  inviscid  gas  has  been 
obtained  by  the  Spectral  method.  The  temporal  and  spatial  evolution 
of  the  liquid~gas  interface  undergoing  symmetric  or  antisymmetric 
disturbances  is  investigated.  The  sheet  breakup^ length  and  the  size 
of  the  drops  produced  by  the  disintegration  of  the  sheet  are 
estimated.  The  effects  of  the  physical  properties  of  the  sheet  and 
surrounding  gas  on  instability  are  examined. 

T8CBMICAL  DZ8CU88XOM 

He  consider  the  problem  of  nonlinear  instability  of  a  viscous 
liquid  sheet  of  thickness  2a  that  is  issued  from  a  nozzle  at  a 
velocity  U  into  a  quiescent  inviscid  gas  medium.  The  velocity  U  is 
small  compared  to  the  velocity  of  sound;  thus  the  ass\imption  of 
incompressibility  for  both  fluids  is  valid.  The  viscosity  of  the 
gas  is  neglected  following  Taylor's’  treatment  of  a  related  problem. 
The  x-axis  is  parallel  to  the  direction  of  the  velocity  U,  and  the 
y*>axis  is  normal  to  the  undisturbed  sheet  with  its  origin  at  the 
midplane  of  the  sheet.  The  Orr-Sommerfeld  equation  governing  the 
liquid  motion  is  given  by: 

-  V  +  U  =  0 

where  ^  is  the  stream  function,  t  is  time,  v  is  kinematic  viscosity 
of  liquid  and  ^  d„  +  d,,.  Subscripts  t,  x,  and  y  denote  partial 
differentiation.  The  boundary  conditions  are  that  the  y>component 
velocity  at  the  interface  is  equal  to  the  total  derivative  of  the 
interface  displacement.  Since  the  sxirrounding  gas  medium  is  assumed 
to  be  inviscid,  the  tangential  stresses  should  vanish  at  the 
interface.  The  normal  stresses  across  the  interface  should  be 
balanced.  Hence,  at  y  -  ijj  -  (-1)'  a,  where  j»l  for  the  upper  and 
ja2  for  the  lower  interface,  i;  is  the  surface  disturbance,  we  have 

V  =  n^e  +  ^jx 


112 


where,  u,  v  are  the  velocity  components  in  the  x,  y  directions, 
respectively,  m  is  the  liquid  dynamic  viscosity,  p  is  the  liquid 
pressure,  p,  is  the  gas  pressure,  and  p.  is  the  pressure  due  to 
surface  tension,  p,^  =  i?jb  (1  +  >f*j*)'*^*  continuity  equation  for 
the  inviscid  gas  medium  may  be  expressed  in  terms  of  a  velocity 
potential,  dj,  such  that  »  0.  The  boundaury  conditions  for  the 
gas  require  that  across  the  liquid-gas  interface  the  normal 
velocity  be  continuous,  and  far  away  from  the  liquid  surface  the 
disturbance  decay  to  zero.  Hence, 


at 

y  »  -  (-1)^  a 

II 

o 

at 

y  s  t 

The  liquid  and  gas  pressures  may  be  expressed  in  terms  of 
respectively,  by  using  the  relevant  momentum  equation.  It  is 
assumed  that  and  i|  admit  expemsions  in  the  form  of  Fourier 

series  in  x,  with  the  coefficients  function  of  t  only.  The  series 
expansion  for  0j  are  multiplied  by  a  term  that  is  a  function  of 
{"only  derived  from  the  corresponding  lineaur  instability  solution 
given  by  Ibrahim^.  The  series  representation  of  is  multiplied  by 
Hq,  the  amplitude  of  the  initial  disturbance.  The  Spectral  method 
is  used  to  obtain  a  numerical  solution  of  the  problem.  The  unknowns 
are  the  coefficients  in  the  Fourier  series  expansions.  The  initial 
conditions  are  provided  by  the  linear  instability  solution  of 
Ibr2diiii^.  The  resulting  initial-value  problem  is  solved  by  a  fourth- 
order  multistep  predictor-corrector  scheme  similar  to  that 
described  in  Burden  and  Faires^. 

The  numerical  solution  provides  the  temporal  and  spatial  evolution 
of  the  liquid-gas  interface  originating  from  symmetric  or 
antisymmetric  disturbances.  It  is  foiind  that  maximxim  thinning  and 
subsequent  rupture  of  the  sheet  into  ligaments  occur  at  positions 
corresponding  to  one  or  one-half  of  the  length  of  the  fxindamental 
wave  for  symmetric  and  antisymmetric  disturbances,  respectively. 
This  is  in  agreement  with  the  results  of  Dombrowski  and  Hooper*  and 
Rangel  and  Sirignano^.  -The  breedcup  length  of  an  attenuating  sheet 
may  be  defined  by  the  implicit  equation,  7i2(x’,t*)  -  i7,(x*,t*)  =  2a, 
where  x*  denotes  the  breedcup  length  and  t*  is  the  breakup  time. 
Figure  1  shows  representative  results  of  the  variation  of 
dimensionless  breakup  length  with  liquid  Weber  number  for  water 
sheet  in  atmospheric  air.  The  values  of  breedcup  length  compare 
favoradsly  with  the  experimental  measurements  of  Dombrowski  and 
Hooper*.  To  estimate  the  size  of  the  drops  produced  by  the 
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f ragm«ntation -of  ligaments,  we  employ  the  secondary  breakup  formula 
of  O'Rourke  and  Amsden* 


Ry2 


2a  \dt/v 


where  R32  is  the  Sauter  mean  radius,  R  is  the  radius  of  the 
ligament,  p  is  liquid  density,  a  is  surface  tension  and  (dy/dt)^  is 
the  rate  of  drop  deformation  at  breakup  which  is  provided  by 
Ibrahim  et  al.^  The  radius  of  the  ligament  at  breakup  is  calculated 
by  a  mass  balance  to  be  R  »  (Sa/k)*'^  where  k  is  the  wave  number. 
Some  preliminary  computations  of  the  variation  of  dimensionless 
drop  Sauter  mean  radius  with  Reynolds  number  are  shown  in  Figure  2. 
The  size  of  the  drops  fall  within  the  experimental  values  reported 
in  Mansour  and  Chigier*.  However,  more  validations  and  refinements 
of  the  computational  technique  are  still  needed.  Figure  3  shows  the 
effect  of  liquid  viscosity  on  the  instability  of  liquid  sheets.  It 
is  seen  that  liquid  viscosity,  affected  through  Reynolds  niimber, 
reduces  both  the  distiurbance  gro%7th  rate  and  shifts  the  dominant 
wave  the  disturbances  to  a  longer  wavelength.  Figure  4  illustrates 
the  effect  of  gas  to  liquid  density  ratio  on  the  growth  rate  of 
instability  due  to  antisymmetrical  distvirbances.  It  is  shown  that 
an  increase  in  gas  to  liquid  density  ratio  increases  the  growth 
rate  and  dominant  wavenumber  of  the  emtisymmetrical  disturbances  as 
long  as  the  density  ratio  is  less  them  the  gas  Weber  number.  Once 
the  density  ratio  becomes  greatcu:  than  the  gas  Weber  number  the 
disturbance  growth  rate  is  reduced.  A  density  ratio  higher  than  the 
gas  Weber  number  shifts  the  mechemism  of  instability  from 
aerodyneunic  to  the  viscosity  enhanced  instability  discovered  by  Li 
and  Tankin’.  The  effect  of  surface  tension  is  to  oppose  the 
development  of  instability. 
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SUMMARY: 

An  Ektapro  motion  analyzer  was  used  to  measure  the  size  distribution  of 
droplets  generated  by  the  disintegration  of  a  cylindrical  liquid  jet.  The  liquid  jet 
breakup  under  consideration  contains  satellite  droplets  interspersed  among  the 
primary  droplets  -  thus  resulting  in  a  bi>modal  size  distribution.  The  maximum 
entropy  principle  is  used  to  model  this  phenomenon.  Agreement  between  the 
model  and  the  measxirements  is  reasonably  good. 

AUTHORS: 

Long  P.  Chin.  Systems  Research  Laboratories,  Inc.;  Thomas  Jackson,  Wright- 
Patterson  Air  Force  Base;  P.  C.  Hsing  and  Richard  S.  Taiddn,  Northwestern 
University 

TECHNICAL  DISCUSSION: 

The  purpose  of  the  present  study  is  to  show  that  the  maximum  entropy 
model  is  very  robust  It  has  been  appli^  successfully  yielding  a  uniform  size 
distribution  and  a  skewed  mono-modal  size  distribution.  In  this  presentation,  it 
will  be  shown  that  it  can  yield  a  bi-modal  size  distribution.  The  dktribution  depends 
on  the  mitial  flow  conditions  and  the  constraints  imposed.  A  schematic  diagram  of 
the  apparatus  used  to  study  the  evolution  of  the  bi-modal  droplets  is  illustrated  in 
Figure  1.  A  compressed  air  supply  forces  the  water  horn  a  reservoir  through  a  filter 
to  a  nozzle  asse^ly.  The  nozue  assembly,  consisting  of  a  sapphire  orifice  with  a 
0.08  cm  hole,  is  positioned  vertical  with  ^e  fluid  exiting  downward.  An  image 
analyzer  system  manufactured  by  Kodak  was  arranged  to  take  pictures  of  the  water 
droplets.  The  water  issues  from  the  nozzle  assembly  as  a  liquid  column.  This  liquid 
column  breaks  up  into  droplets  about  10cm  fix>m  the  orifice.  In  the  experiment,  a 
total  of  1017  primary  droplets  and  877  satellite  droplets  were  coimted  and  analyzed. 
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Thus  the  measured  ratio  of  the  number  of  primary  droplets  to  number  of  satellite 
drc^lets  at  breakup  is  1.16 

In  Figure  2,  are  images  of  the  drops  >  bodi  primary  and  satellite.There  is  little 
problem  in  determining  the  diameter  of  the  satellite  drops  -  their  shape  is  nearly 
spherical  and  for  measurement  their  size  was  enlarged  and  enhance  with 
appropriate  software.  The  size  of  the  drop  was  estimated  by  fitting  (by  eye)  a  drde  to 
the  erdar^d  and  enhanced  image.  On  the  other  hand,  the  primary  Qarge)  droplets 
are  far  from  spherical;  thus  it  was  necessary  to  characterize  fiieir  size  wi&  an 
elective  diameter.  It  was  assumed  that  the  droplets  were  ellipsoidal  in  shape  and  by 
measuring  their  major  and  minor  axes  an  area  was  computed  using  the  softwajre 
Image  Processing  and  Analysis,  vl.43.  The  diameter  of  a  circle  with  an  equivalent  area 
was  calculated  and  its  dimeter  becomes  the  effective  diameter  for  the  droplet. 

Figure  3  contains  a  plot  of  the  experimentally  determined  size  distributionThe 
important  point  is  that  the  size  distribution  has  two  large  peaks  -  one  due  to  the 
satellite  drops  and  the  other  due  to  the  primary  drops  -  with  essentially  no  droplet 
sizes  between  these  peaks. 

Detailed  formulation  and  derivation  of  the  maximum  entropy  principle  have 
been  published^'^.  However,  there  is  one  significant  modification  in  the  theory.  The 
theory,  as  presented  previously,  is  based  on  the  assumption  that  the  droplets  are 
spherical.  In  the  present  study,  there  is  no  major  problem  with  the  satellite  drops  - 
in  most  instances  they  are  nearly  spherical;  however  the  primary  (large)  drops  are 
far  from  spherical.  To  account  few  this  non-spherical  shape,  two  new  constraints 
were  introduced  that  are  related  to  mean  svinace  to  volume  ratio.  One  constraint  is 

proportional  to  D  and  the  other  is  inversely  proportional  D. 

Once  the  source  terms  are  estimated,  the  distribution  for  droplet  size  is 
obtained  from  the  following  equatiem: 

^  erf(Xaux)  -  erf(Xnun)]  X  exp[  -Oo  -  (ai-^)D^-  cuBD^-  asD  -  a«D'*] 

dD  2  <*3  403 

where  erf(X)  is  the  error  function  of  X  : 

-  -3  ^ 

Xnux=(Uaax+  a.2l2CLi){0.^l>  )2  , 

_  -3  i 

Xmin^fUmiii't’  (X2^2tt3)((X3D  )2  ^ 

This  equation  is  plotted  in  Figure  3.  One  can  see  there  is  reasonably  good  a^eement 
between  the  experimental  size  distribution  and  tiie  computed  size  distribution.  Also 
shown  in  Figure  3  is  the  size  distribution  (with  the  same  source  terms)  but  with 
assumption  that  the  droplets  are  spherical.  As  one  can  see  this  plot  is  not  bi-modal 
and  disagrees  with  the  experimental  data. 
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Figure  1.  Schematic  drawix^  or  the  dropiet  generator  setup. 
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Rgure  2.  Typical  images  taken  with  the  Ektapro  Motion  Analyzer. 
6 

f*  Experiments 

- - -  M^d'Without  constraints  (13,14) 

- Modei'With  constraints  (13,14) 
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Figure  3.  Comparison  of  dropietsize  distributions  from 
a  cylindrical  liquid  jet  having  satellite  droplets 
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SUMMARY/OVERVIEW: 

The  focus  of  this  leseaich  task  is  to  develop  and  assimilate  die  necessary  fdndamental 
understandmg  of  fuel  injection  and  fuel-air  mixing  processes  to  advance  die  technology  of  gas 
turbine  comb^on.  Research  on  fiiel  injection  h^  included  studies  of  isolated  and  interacting 
dtcq[d^  die  atomization  process  itself,  and  non-intrusive  measurements  of  dense,  reacting  ^rays. 
Research  on  fuel-air  mixing  has  include  buoyancy-driven,  gaseous-fuded  flames  and  sv^- 
driven,  turbulent,  liquid-faded  flames.  The  impact  of  turbdence  on  reaction  processes  is  of 
pciniaryccMisidaatiorL  The  ^lecificdirectimi  of  research  in  bodi  general  areas  is  s^  by  a 
continuous  dialogue  with  die  gas  turbine  community  on  pesang  issues  such  as  flame  stability, 
emissions  conttoL  and  effideat,  high  tmnperature  rise  combustion;  these  "applicteion'*  prdilems 
eaqiose  die  lack  of  fundamental  understanding  of  key  mixing  and  Idnetic  [dienommia.  This  abstract 
addresses  only  the  ^iray  research  portion  of  die  tasiL 

TECHNICAL  DISCUSSION: 

Advances  have  been  made  over  the  last  yew  in  daee  areas  of  ^ray  research  within  this  task. 

These  have  included  studying  the  evapocatioi  of  interacting,  single  droplets,  enhancing  the  energy 
of  atomization  through  the  use  of  acoustic  stimulation,  and  completing  the  fdl  formulation  of  an 
atonoizaticm  modeling  approach. 

Esqmiments  were  conducted  on  an  array  of  droplets  emitted  by  a  customized,  acoustically-driven 
drc^let  generate  to  observe  die  evrqioration  of  individual  droplets  as  a  function  of  their  rdative 
position  in  die  array.  Droplets  were  either  edianol  or  ethanol/ac^oae  blends.  Small  changes  in 
dtq[>let  size  were  identified  by  measuring  the  ^herical  morprihology  (mor^diology-dependrat 
rescmances)  of  each  drop.  Droplet  evaporation  rates  varied  according  to  die  extrait  to  which  die 
dn^det  is  surrounded  by  other  droplets  CFigurel).  Those  at  die  vny  center  of  the  array  evaporated 
ti.owar  than  diose  along  an  edge,  which  evrqxxated  dower  than  diose  along  die  corners  of  tte 
array.^  This  study  complements  previous  single  droplet  studies  under  this  task  whidi  locdoed  at 
intradroplet  heat  mass  transport  and  droplet- vortex  interaction.  Collectively  the  work  supports 

subgcid-scale  modeling  efforts  such  as  diose  of  Bellan  et  aL^ 

Research  has  continued  into  tediniques  to  enhance  the  atomizaticHi  of  a  fluid  column  beyond 
conventirmal  fluid  pressure  and  air  acceleration  qiproaches.  Acoustic  drivers  have  been  qiplied  to 
conventional  atomizers^  in  an  atimnpt  to  utilize  technology  developed  by  Fluid  Jet  Associates  in  the 
area  of  acoustically  drivmi  liquid  Ixeakup.  Photographs  of  undriven  and  driven  atomizer  bdiavior 
are  illustrated  in  Hgure  2. 

The  full  Maximum  Entrc^y  model  for  predicting  the  resultant  spray  from  an  atomization  process 
has  been  formulated.^  T^  formulation  is  three-dimensional  and  includes  source  terms  for  liquid- 
gas  heat  transfer  as  well  as  for  mass  and  momentum  transfer  and  liquid  sheet-droplet  surface 
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enei:^  exchange.  Our  cxigi^  expectation  of  this  ap{»oach  as  a  piedicdve/design  tool  for  liquid 
fioel  mectitm  has  been  modified.  The  behavior  of  model  is  very  sensidve  to  source  term 
sped&adon.  jh  pracdoe  this  would  necessitate  a  large  amount  of  measurements  of  the  gas  [^ase 
surrounding  the  ^ray  as  it  develops.  Such  effort  co^d  as  easily  be  applied  to  the  spray  itself, 
partially  negating  the  ^ue  of  the  predicdoit  An  altemadve  ^plication  is  the  [xedicdtMi  of 
vaiiadons  in  an  atomkadon  process  from  S(»ne  \^11  establid^  nominal  performance.  The  utility 
of  such  a  model  would  be  a  predictive  capid)ility  for  assessing  nozzle  performance  variadcms  due  to 
manufacturing  processes  ex  variadons  in  wear  patterns.  It  is  the  {xoq^t  of  such  ^plicadcms  that 
have  reduected  our  research  on  die  Maximum  &tropy  model  towards  modeling  well  documented 
and  classic  sjxay  probl^ns.  This  has  recently  begun. 

1 .  "Local  Environment  Effects  on  Evaporation  Rates  of  Flowing  Droplets,"  by  J.  Christian 
Swirxlal,  Final  Report  for  Graduate  Student  Research  Program,  Air  Force  Wright  Laboratory, 
Sep  1993. 

2.  "The  Behavior  of  Polydi^rse  Dense  and  Dilute  Collection  of  Droplets  in  Vtxdcal  Flows,"  by 
J.  Bellan,  Fmal  Report  for  Air  Force  Wright  Laboratory,  Jan  1994. 

3 .  "Characteristics  of  a  Velocity-Modulated  Pressure-Swirl  Atomizing  Spray  Measured  by  the 
Phase-Doppler  Method,"  by  F.  Takahashi,  WJ.  Schmoll,  and  J.L.  Dressier,  AIAA  9^558, 
32nd  Anospace  Sciences  Meeting,  Jan  19^. 

4.  "Maximum  &itropy  Fbrmuladon  of  Joint  Droplet  Distributions  in  Sprays,"  by  L.P.  Chin,  R.S. 
Tanldn,  T.A.  Jacl^n,  J.S.  Stutrud,  and  G.L.  Switzer,  to  be  submit^  for  publication. 
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SUMMARY/OVERVIEW: 

This  talk  will  focus  on  the  extension  of  Droplet  Slicing  imaging  (DSI) 
measurements  to  systems  in  which  simultaneous  Planar  Laser  Induced  Fluorescence 
(PLIF)  measurements  are  carried  out  in  a  droplet  and  in  the  surrounding  gas  phase 
flow  field.  As  a  result  of  such  experiments,  a  new  method  for  imaging  the  fiowfieids 
within  droplets,  called  "layered  droplets*  has  been  developed.  In  these  experiments, 
acetone,  which  is  used  for  PLIF  imaging  of  the  gas  phase  flow  field,  condenses  on  the 
surfoce  of  the  hydrocarbon  droplet  and  can  also  be  used  to  image  liquid  phase 
streamfines  originating  at  the  surfooe  of  the  droplet. 

New  developments  In  exciplex  fluorescence  thermometry,  including  methods 
for  use  of  PYPYP  [bis-1,3-(1-pyrenyl)’propane]  which  make  possible  its  use  as  a 
thermometer  in  combusting  ^sterns,  will  also  be  cSscussed. 

TECHNICAL  DISCUSSION: 

"Layered  Droplets"  (UTRC) 

Acetone  has  proved  to  be  a  useful  fluorescent  doj^nt  for  combustion  studies.** 
It  is  volatile,  and  its  fluorescence  quantum  yield  is  independent  of  the  oxygen 
concentration.  At  UTRC,  DSI  measurements  on  decane  droplets  generated  with  an 
aerodynamic  droplet  generator^  have  used  acetone  seeded  into  the  cofiow  to  provide 
visuarization  of  the  flow  patterns  in  the  gas  phase  surrounding  a  falling  droplet.  Rgure 
1  shows  results  obtained  in  such  experiments. 

In  an  aerodynamic  droplet  generator  the  droplet  liquid  is  suspended  on  the  end 
of  a  hypodermic  needle  which  is  located  in  the  throat  of  a  gas  nozzle.  The 
surrouriding  gas  flow  strips  off  the  liquid  and  forms  a  droplet. 

When  the  acetone  partial  pressure  in  the  gas  flow  of  the  aerodynamic  droplet 
generator  is  sufficiently  high,  a  portion  of  the  acetone  seeded  into  the  gas  continuously 
condenses  on  the  surface  of  the  decane  droplet  and  forms  a  "layered  droplet"  in  which 

"United  Technologies  Research  Center,  East  Hartford,  CT  06108 
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the  Hcpjid  phase  acetone  also  fluoresces.  Controlling  acetone  partial  pressure  and  the 
dropl^  fall  speed  (residence  time  in  the  jet)  directly  controls  the  thickness  of  the 
acetone  te^er  deposited  on  the  droplet. 

The  "layered  droplets"  have  distinct  advantages  over  the  naphthalene  seeded 
droplets  which  have  been  used  in  previous  DSI  experiments.^  in  both  cases,  surface 
liquid  is  carried  in  to  the  interior  of  the  droplet  as  a  result  of  internal  drcuiation.  The 
naphthalene  seeded  droplets  rely  on  the  quenching  of  fluorescence  by  oxygen 
(streamlines  by  oxygen  quenching.  SOQ)  and  result  in  a  decreased  fluorescence 
which  much  be  measured  against  a  light  background.  In  the  "layered  droplet" 
experiments,  the  decane  droplet  does  not  fluoresce,  and  the  condensing  acetone 
results  in  a  bright  streamline  against  a  dark  bad^round.  The  liquid  phase  difhjsion 
coeffident  of  acetone  is  smaller  than  that  of  oxygen,  and  hence,  diffusion  within  the 
liquid  is  lessened.  As  a  result,  in  contrast  with  the  naphthalene  based  SOQ 
experiments,  the  "layered  droplet"  technique  yields  stronger  fluorescence  signals, 
enhanced  image  contrast  and  dynamic  range,  and  more  sharply  defined  streamlines. 
These  "layered  droplets"  can  provide  new  insights  into  the  fundamental  mechanisms 
of  droplet  heating,  evaporation,  and  combustion.  Figure  2  shows  a  PLIF/DSI  image  of 
a  "layered  droplet". 

In  the  naphthalene  based  DSI/SOQ  experiments,  the  naphthalene 
concentration  is  carefully  chosen  so  that  the  absorbance  of  a  laser  ray  along  the 
droplet  diameter  is  approximately  1.  This  provides  reasonable  illumination  over  the 
entire  droplet.  The  optimum  concentration  of  naphthalene  is,  however,  dependent  on 
the  droplet  size.  This  constraint  does  not  apply  to  "layered  droplets",  since  in  those 
droplets  the  streamline  appears  bright  against  a  dark  background. 

Extensions  of  Exdplex  Fluorescence  Thermometry  (UTD)  PYPYP  has  already 
found  use  in  exdplex  fluorescence  thermometry  measurements  of  falling  droplets.^ 
However  its  utility  in  combustion  applications  has  been  limited  by  its  sensitivity  to 
oxygen  quenching:  the  ratio  of  the  exdplex  intensity  to  the  monomer  intensity  is 
affected  both  by  temperature  (good)  and  oxygen  (bad).  A  modified  use  of  PYPYP,  in 
whidi  the  temperatureKfependent  shift  of  the  exdplex  band  (to  higher  energies  as  the 
temperature  increases)  is  used  as  the  basis  for  an  exdplex  shift  thermometer  (EST),  is 
under  investigation.  Preliminary  studies  show  that,  even  though  the  total  intensity  in 
the  exdplex  band  decreases  as  the  oxygen  concentration  increases,  the  band  shape 
does  not  change.  As  a  result,  it  appears  that  EST  systems  can  be  developed  for  use 
with  oxygen  partial  pressures  of  at  feast  one  atmosphere  air  and  perhaps  higher. 

Figure  3  shows  fluorescence  spectra  of  PYPYP  in  decane  as  a  function  of 
temperature.  The  blue  shift  of  the  exdplex  band  is  apparent.  Rgure  4  shows 
calibration  curves  obtained  for  three  cases;  (1)  nitrogen  purged  solutions,  (2)  air 
purged,  solutions,  and  (3)  oxygen  purged  solutions.  The  near  linearity  of  these 
calibration  curves  meets  the  criterion  described  in  earlier  analyses  of  potential 
systematic  errors  in  EFT  measurements  of  transient  droplet  temperatures,^  and 
consequently,  use  of  EST  systems  instead  of  EFT  systems  should  result  in  accurate 
"volume  averaged"  droplet  temperatures.  The  curve  for  the  air  purged  solutions  is 
sufficiently  close  to  that  for  the  nitrogen  purged  solutions  that  the  effect  of  variable 
oxygen  concentration  wnthin  the  droplet  may  be  neglected.  The  EST  systems  are  not 
as  sensitive  as  the  previous  EFT  systems,  and  it  is  estimated  that  the  EST 
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temperatures  will  be  determined  wHhin  •«•/-  10X  instead  of  the  +/•  3**C  obtained  with 
EFT. 


Further  woiK  is  underway  in  the  analysis  of  EST  data  to  determine  whether 
there  are  appropriate  wavelength  regions  for  which  the  intensity  ratios  will  be  oxygen 
independent. 

In  an  example  of  "dual  use  technology”,  the  PYPYP  EST  systems  have  already 
been  used  in  a  project  funded  by  Ford  Motor  Company.  Two  dimensional  temperature 
images  of  a  hydrocarbon  liquid  which  had  been  sprayed  onto  a  hot  steel  plate  were 
obtained  as  a  function  of  time,  and  the  evaporation  of  the  residual  liquid  was  followed. 

REFERENCES 

1.  A.  Lozano,  B.  Yip,  and  R.  K.  Hanson,  "Acetone:  a  tracer  for  concentration 
measurements  in  gaseous  flows  by  planar  laser-induced  fluorescence", 
Experiments  in  Fluids,  13. 369  (1992). 

2.  G.  J.  Green,  F.  Takahashi,  D.  E.  Walsh,  and  F.  L  Dryer,  "Aerodynamic  Device  for 
Generating  Mono-Disperse  Droplets",  Rev.  Sd.  Instrum.,  60,  xx  (1989). 

3.  M.  Winter  and  L  A.  Melton,  "Measurement  of  Internal  Circulation  in  Droplets",  Appl. 
Opt.,  29.  4574  (1990). 

4.  T.  R.  Hanlon  and  L.  A.  Melton,  "Excipiex  Fluorescence  Thermometry  of  Falling 
Hexadecane  Droplets”,  Trans  ASME,  J.  Heat  Transfer,  114, 450  (1992). 

5.  J.  Zhang  and  L  A.  Melton,  "Potential  Systematic  Errors  in  Droplet  Temperatures 
Obtained  by  Fluorescence  Methods",  Trans  ASME,  J.  Heat  Transfer,  115,  325 


--y 

i/ 

H 

■y'-* 

g 

f 

' 

\ 

5 

'■  1 

1 ' 

t 

Figure  1.  Laser-induced  fluorescence  from  both  the  gas  and  liquid  phases. 

Each  image  was  recorded  after  an  increasing  time  delay  after  the 
droplet  passed  a  fixed  point  in  the  laboratory  frame  of  reference. 


Figure  2.  internal  structure  of  a  bicomponent  layered  droplet  using  droplet 
slicing  techniques. 


Figure  3.  Fluorescence  spectra  at  different  temperatures  (2E-5M  PYPYP/decane). 


Figure  4.  Fluorescent  spectra  at  different  temps.  (PYPYD  in  Decane). 
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SUMMARY/OVERVIEW: 

Secondary  drop  breakiq)  and  turbulence  goieratitMi  by  drops  are  being  studied. 
Work  on  secondary  drt^  breakup  has  yielded  information  about  the  regimes,  the 
dynamics,  and  the  outcome  of  drop  defotmadon  and  breakiq).  Results  for  bodi  shock¬ 
wave  (step)  and  steady  disturbances  have  been  found  using  pulsed  holography  and 
photography  for  both  shock  tubes  and  drop  towers.  The  re^ts  have  Welded  new 
undersanding  about  dre^  behavior  at  ctmditkxis  encountered  dining  practical  combustion 
processes  at  Ugh  pressures.  Current  woric  is  oi^thasizing  effects  ^  phase  density  ratios 
that  are  crucial  for  understanding,  and  simulating,  the  properties  of  sprays  at  hi^ 
pressures. 

Wenk  on  turbulence  generatitm  has  shown  that  drop-generated  turbulence  differs 
from  conventitmal  turbulence,  and  su|^sts  diat  die  properties  of  diis  flow  involve  a 
stochastic  combinatioo  randomly-amving  drop  (pmtide)  wakes.  Present  stnd^  show 
that  wake  properties  for  diese  conditions  exhibit  a  new  lammar-Ulm  turbulent  wake 
behavior,  even  when  drop  Reynolds  numbers  are  small,  as  well  as  a  new  fest-decay 
region  as  wake  mean  velocides  approach  ambient  vdiocity  fluctuatitms.  Current  work 
involves  udliang  dus  infonnadon  to  inteqm  the  properties  of  drop  (particle)-genetamd 
turbulence  and  its  interactioos  widi  cmiventionally-generated  turbulence. 

TECHNICAL  DISCUSSION 

Introduction.  Past  work  on  the  structure  of  dense  sprays  has  hi^ilighted  the 
impcxtance  of  seoendazy  drt^  breakup  and  turbulence  generation  by  drops  (Faedi,  1990; 
Ruff  et  aL.  1989,  1991, 1992, 1994;  Tseng  et  al.,  1992a,  b,  1994;  P-K.  Wu  and  Faeth, 
1993;  Wu  et  aL,  1991,  1992, 1994).  Wc^  under  die  present  investigation  is  studying 
these  processes  as  discussed  in  the  following. 

s«»rinnHaTv  Drop  Breakup.  Studies  of  liquid  atomization  have  shown  diat  drops 
produced  by  primary  Ixeakup  generally  are  unstable  to  secondary  breakup  (Ruff  et  aL, 
1989, 1991, 1992, 1994;  P.-K.  Wu  and  Faeth,  1993;  Wu  et  aL,  1991, 1992, 1994).  Thus, 
seotxidaty  breakiro  is  b^g  studied  during  this  phase  of  the  investigation,  see  Hsiang  and 
Faeth  {1992,  im  1994)  for  findings  dius  far. 

The  deformation  and  secondary  l»eakui>  of  individual  (!^s  are  being  observed 
within  both  a  shock  tube  and  drop  (liquid/gas.  liquid/liquid)  towers.  Flash 
cinematography  and  pulsed  holography  are  u^  to  observe  the  dynamics  and  outctxnes 
of  breakup,  while  jtiienomenological  theories  are  used  to  intopret  the  measurements. 
Various  generating  techniques  are  used  to  create  dr^s  having  a  wide  range  of 
properties  —  acoustic  l^tation,  electrostatic  selection  and  vibrating  capillary  tubes. 
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Reconsideration  of  dn^  defonnatioa  and  breakup  regimes  has  nuvtifii»H  past 
thinking  about  drop  faseakiq)  at  higb  pressures  near  die  diennodynanuc  critical  point  The 
eariiest  hypothesis  was  that  drops  broke  up  near  the  critical  point;  subsequendy,  it  was 
duyght  wat  high  ^mesorge  (Oh)  number  effects,  due  to  liquid  viscosity,  prevent^  drop 
deformation  and  breakup  near  the  critical  point  entirely.  Our  newest  re^ts  concerning 
breakiqi  regimes  are  illustrated  in  Hg.  1.  m  riiis  case,  phenomenoingirai  dieoty  Miggejew 
that  breakup  Weber  numbers  (We)  become  proportumal  to  Oh  at  large  Oh;  thus, 
defonnatioa  and  bteakiq)  are  only  inhibited  at  large  Oh  conditioas,  not  eliminated! 

A  sec<»d  inqKntant  flow  regime  finding  has  involved  the  transition  between 
dcnne-shaped  (flu  at  forward  sragnatitxi  ptdnt)  ai^  bowl-shaped  (flat  at  rear  stagnatum 
point)  dra^  This  transition  is  important  hefaitiff>  it  fixes  die  trangrion  between  bag  ««d 
shear  breakup,  whiiA  invtdve  dome-and  bowl-shiped  drops,  respectively.  These  results 
are  illuurated  in  Fig.  2  where  measurements  for  drops  in  bodi  liquids  and  gases  are 
summarized.  In  agreement  with  phencmienological  theory,  the  transition  We  is 
pqporticwuti  to  the  ^uare  root  of  &e  Reynold  number,  Ite.  This  finding  is  very 
iiiq)0|Rant  lycause  it  inqilies  that  the  b)^  brealaqi  regime  K*fy*n*t  larger  as  Ikmid/gas 
de^t^  ratios  approach  unity,  which  is  rqnesentafive  of  high-pressure  ct^mstira 
cooditKMis.  Subsequent  work  will  seek  to  confirm  this  behavior,  as  well  as  devek^ 
mediodology  needed  to  treat  breakiqi  as  a  rate  process  at  hi^  pressure  conditions. 

Hsiang  and  Faeth  (1992, 1993, 1994)  should  be  consulted  for  odier  findings  about 
drop  deformatim  and  brealoq)  during  the  present  study.  Current  work  is  emphasizing 
efS^  of  liqitid/gas  density  ratio  on  diese  properties. 


Turbulence  Generation.  Turbulmioe  generation  by  drtm  controls  turfanlence 
properties  within  dense  mays  (Faeth,  1990;  Rnffet  aL,  1989,  wl,  1992, 1994).  Drop- 
genaated  tutbolenoe  dimBts  fiom  conventimud  turbukuce;  Imwever,  stodmstic  analysis 
based  on  die  random  arrival  of  drm  wakes  appears  to  be  promising  for  describiiig  this 
flow  (Pardiasaradiy  and  Faeth,  19^  Mizukami  et  al.,  1992).  This  approach  requires 
infonnation  about  dre^  wakes  at  intermediate  Reynold  nuinbexs  in  bodi  nonturbolent 
and  turbulent  environments,  udiich  has  been  the  of  current  work  as  described  fay  J.- 
S.  Wu  and  Faeth  (1993, 1994a,  b). 


Wakes  in  nonturfaulent  environments  exhibit  classical  turbulent  and  laminar  wake 
region  (J.-S.  Wu  and  Faedi,  1993).  In  contrast,  wakes  in  turbulent  environments  only 
exhibit  a  laminar-like  turbulent  wake  regitm  diat  has  not  been  observed  before  (J.-S.  Wu 
and  Faeth,  1994a,  bX  Distributions  ci  mean  s&eamwise  velocities,  u,  are  plott^  in  Hg. 
3  as  a  function  ci  siiiiilari^  variables  for  laminT  wakes  but  with  an  enhanced  effective 
viscosi^,  Vt,  due  to  die  presence  ci  turbulence  (see  J.-S.  Wu  and  Faedi  (1994a,  b)  fnr 
other  notation),  b  is  evident  diat  the  wakes  exhibit  laminar-like  scaling. 

The  key  factor  for  laminar-like  turbulent  wake  behavior  involves  the  behavior  of 
Vt.  Hgure  4  is  an  illustration  of  Vt  normalized  by  the  mcdecular  viscosity,  v.plottedas 
a  function  of  die  sphere  Reynolds  numba.  Re,  widi  turbulence  intensity  as  a  parameter. 
Values  oi  V|/v  are  independent  of  position  in  die  wake  but  increase  with  increasing  Re. 
Additionally,  V|/v  exhibits  low  and  high  Re  regimes  at  lower  ambient  turbulence 
intensities,  with  transitum  between  diese  regimes  for  Re  in  the  range  300-600.  This 
transitioo  is  related  to  die  onset  vortex  shetUing  from  the  ^heres,  which  begins  at  a  Re 
of  roug^y  3()0,  while  phenmemalogical  analysis  appears  to  explain  the  other  features  of 
Vt,  see  J.-S.  Wu  and  G.  M.  Faeth  (1994b). 
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Current  worit  U  enmhariwng  the  appUcntiQo  of  sphere  wake  properties  to  ^ 
incasurenieptt'trf  effects  of  tmiHilenoe  seneration  by  Paithasarathy  et  aL  (1990)  and 
Miznkami  et  aL,  (1992). 
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SUMMARY/OVERVIEW: 

Supercritical  droplet  evapinaticMi  (and  eventually  combustion)  is  being  modeled  using 
molecalar  dynamics.  The  use  of  molecular  (tynamics  reduces  die  required  material  i»operties 
to  only  die  two  Lennatd-Jkmes  interaction  parameters,  «  and  a,  and  rqiroduces  bmh  liquid  and 
gas  phasrs  seamlessly  widuut  die  need  for  an  interfile  model.  In  order  to  handle  die 
numerically  intensive  computations,  algorithms  for  implementatioo  on  current  and  future 
massivdy  paraRd  prooessms  are  being  devdoped.  Algorithms  have  been  written  using  both  a 
data  parallel  qiproach  and  a  message  passing  apfnoach.  Results  have  been  obtained  to  date  for 
an  argon  dro|det  coesisting  in  equilibrium  widi  its  vapor  at  subcritical  conditions. 

TECHNICAL  DISCUSSION: 

Supercritical  droplet  evaporation  and  combustion  is  one  of  the  least  understood  processes 
occurring  in  current  and  fonne  aeroqiace  {wopulskm  systems.  It  occurs  in  current  cryogenic 
rocket  motor  chambers  adien  oxygen  is  iryected  (in  die  liquid  state  at  supercritical  pressure)  into 
a  combusting  environment  adii^  is  above  its  critical  temperature  adiile  the  itqected  hydrogen 
gas  is  aheadty  above  its  critical  {nessure  and  teaperature.  Supercritical  droplet  evaporation  and 
combustkm  will  also  be  present  in  future  high  speed  airbreatfaing  propulskm  systems  where  die 
fuel,  eidier  hydrocarbon  based  or  liquid  hydrogen,  will  be  used  fmr  cooling  die  engine  and 
airframe  and  will  thus  be  prdieated  above  its  critical  temperature  before  iqection  into  the 
combustkm  dHuifoer. 

Above  die  critical  inessute  and  temperature,  the  distinction  between  Ikpiid  and  gas  phases 
breaks  down  as  dieir  densities  becmne  equivalent  and  dramatic  changes  in  material  prcperties 
occur,  for  example  die  liquid  surface  tension  and  heat  of  vaporizatkm  go  tt>  zero  and  die 
viscosi^  decreases  significamtly  adiile  die  gas  solubility  into  die  liquid  jdiase  increases.  The 

<hroplet  lifetime  no  longer  follows  the  law  and  analysis  of  the  process  by  standard  methods 
(i.e.,  stdution  of  die  conservation  eqnatkms)  is  difficult  due  to  the  highly  transient  nature  of  dm 
problem  and  the  need  for  submodds  to  obtain  the  gas  and  liquid  diemicxtyiiamic  and  tranqmrt 
properties.  At  the  same  time,  knowledge  of  die  droplet  lifetimes  is  essen^  for  the  inedkxkm 
of  condwstor  performance  and  stability. 

The  autibora  have  begun  modelling  diese  problems  using  molecular  dynamics  (MD), 
wliich  is  the  field  of  science  concerned  widi  die  moticms  of  individual  atoms  or  molecules.  The 
forces  between  individual  particles  are  modeled  based  on  quantum  mechanical  or  experimental 
results  and  used  in  Newton’s  Law  (F  »  ma)  to  solve  for  a  variety  of  thermodynamic  or 
tranqxnt  properties  such  as  the  virial  coefficients  in  the  high  inessure  equation  of  state  or  die 
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coefficients  (rf  visoMtiQr,  ttaemud  ccnduoivity  or  diffiisioiL  Indeed,  one  of  the  mcne  conomoa 
apfdicatkxis  of  molectilar  dsrnanucs  is  to  solve  for  such  properties  near  ot  heyoad  the  critical 
point  where  experimental  measureineDts  are  difficult  if  not  impossible.  Because  such  [«operties 
are  not  dependent  <ni  the  size  of  die  system  being  studied,  the  extremely  small  systems  conqKMed 
of  the  few  dmusand  atoms  or  mokcuks  n^iich  could  be  computationally  handled  woe 
and  there  was  no  motivation  to  go  to  larger  systems. 

Mokcukr  (tynamics  (MD)  anafyzes  motions  of  atoms  ox  mokcuks  viiiich  ate  the 
result  of  forces  between  the  same  atoms  or  nmkeuks.  Several  madienuitical  represgntatinm  of 
the  fence  have  been  used  in  the  search  fmr  increasing  accuracy,  including  die  rigid  inqwiiettalde 
^dieie,  the  square-well  potential,  and  die  point  center  of  rqnilsion  potential.  The  most 
commonly  used  potential  is  the  Lennard-Jones  12-6  potential 

♦(»)  -  4«  [(oW“  -  (alrf] 

where  o  is  the  zero  energy  sqnratkm  distance  and  c  is  die  mininnim  energy.  The  sixth-power 
term  is  attractive  out  to  long  ranges  and  can  be  derived  from  quantum  nheie  it  is 

refened  to  as  the  mduced-dipok-induced-dipok  interaction.  Thetwelf&-powertermisrqiiil8tve 
and  acts  jnimarity  at  short  raitges.  There  is  no  rigorous  derivatkm  of  die  value  of  twdve  other 
than  tihat  it  appears  to  accurately  model  the  repulsive  fence  ndien  compared  to  experimena  and 
IS  been  acoqited  as  a  standard  world  wide  to  facilitate  oomnnmication  and  comparisoa  of 
ssults.  Since  die  assumed  potential  seeks  to  rqiresent  all  die  forces  acting  on  an  atom  ox 
nxdecuk,  there  is  no  need  for  additional  models  and  die  above  potentials  are  valid  with  constant 
values  of  o  and  c  as  one  moves  from  the  solid  to  die  Ikpiid  to  the  gas  phase. 

The  iidemiokcular  force  is  derived  from  die  ^latial  gradient  of  die  potential.  Newton’s 
Laws  ate  dien  solved  frn  each  partick,  eidier  deterministically  by  finite  differenciiigF  «  ua 
or  stochastically  by  a  Monte  Caiio  method.  Molecular  dymnnics  refers  to  the  determiniatic 
approach  and  is  tte  most  commonly  used  method  to  date  for  determining  fluid  static  and 
dynamic  properties.  The  properties  ^itinch  can  be  determined  from  mokcukr  ^mimics 
inctode  die  entropy,  specific  hete  and  coefficients  of  viscosity  and  diennal  and  mass  diflhsinii. 
Two-phase  bdtavior  such  as  droplet  formation  and  evaporation  has  been  simukled.  The  system 
of  equations  can  be  easity  prograimned  to  tun  on  parallel  by  aligning  one  (virtnal) 

processor  to  each  partick. 

The  above  potentials  all  assume  a  ^herically  symmetric  mokcuk  (norpokr).  For 
noDsymmettic  (polar)  mokcuks  an  angular  dependence  can  be  given  to  die  potential  by  using 
muit^k  site  Lennard-Jemes  potentials  and  Newton’s  Law  for  rotational  motion  is  sedved 
simultaneously  with  that  for  translational  nxnkm.  Fkxibk  molecules  can  also  be  hantiM 
adding  additimial  dogrees  of  freedom. 

In  the  past,  supercemputers  were  abk  to  simulate  systems  with  tens  of  thousands  of 
particles.  Today,  with  advan^  massively  paralkl  computers,  it  is  possibk  to  model  millions 
of  particles^  The  lQ24-processor  CM-5  at  Los  Alamos  National  Ud)  has  a  peak  qieed  of  128 
gigaflops  (61  gigaflops  have  been  sustained^  and  has  32  gigabytes  of  main  monory.  This 
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lQ24-iK)de  CM-S,”  IEEE  Superconq).  ’93  Conf.,  Nov.  1993. 
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abstnct  describes  our  effbits  to  use  the  CM>5  for  MD,  but  in  additum  we  will  also  describe 
effbcts  to  use  a  ccnvleldy  different  Idiri  of  inonlkl  computer:  clustered  woritstatknis.  The  CM> 
5  is  most  often  prognunined  as  a  data  panllel  ctmqKiter  usii%  Fortran  90,  while  chistered 
workstations  are  most  often  programmed  using  Fortran  77  and  Parallel  Virtual  Machine  (PVM). 
These  approadies  both  have  advantages  and  disadvantages  to  MD  problems. 

Tte  ecpiatioiis  of  motion  for  a  system  of  argon  atoms  were  implemented  using  the  well- 
known  Verier  molecalartfynamics  algorithm  on  several  massively  parallel  and  vector  conqiuters. 
The  Verlet  algmidun  is  simply 


'..i  -  2*.  -  ♦  4'’*. 

^riiere  J?  and  ^  are  the  molecular  positions  and  accelerations,  req)ectively.  The  n  draotes  time 
level.  The  advantage  of  thb  algorithm  is  diat  it  is  second-order  accurate  while  avoiding  the  need 
to  confute  any  vdktcities. 

The  Lomard-Jones  12<d  potential  tras  used  widt  no  cut-off  inittally,  aiiich  results  in  an 
0(hF)  algtvidim  adiere  N  is  die  number  of  particles.  While  die  0(N^  algorithm  may  be 
required  to  some  problems,  it  is  not  ixactical  to  die  majority  of  problems  since  die  computer 
time  quickty  becomes  excessive.  For  this  reason  we  have  also  implemented  MD  algOTidnns  with 
a  cut-off  acheme  on  die  CM-5  and  clustetedwmkstatxms.  Since  die  intertnolecalar  force  deoqrs 
very  rapidty  with  distanoe,  beyond  a  certain  distance  we  can  just  neglect  dieir  effect.  Tto 

whkA  meam  to  a  million  particles 
die  cut-off  scheme  should  be  rou^ily  a  million  times  fester  dian  die  full  scheme.  FwLennatd- 
Jcmes  interactions,  one  typically  uses  between  2.5a  and  5a  to  the  cut-off  distance.  Figures  la 
and  lb  show  the  wwri»i  and  equilibrium  conditions  to  a  simulation  involving  996  argon  atoms. 
The  results  were  obtained  using  die  0(N)  scheme  on  a  single  RS/6000  workstatkm.  In  the 
figures,  all  of  the  particles  are  argon  atoms,  but  die  atoms  aduch  begin  in  die  gas  jdiase  ate 
li^hdy  adored  adiile  those  that  begin  in  the  liquid  droplet  are  shaded  daric.  F^ure  lb  riiows 
the  intermixing  nyresentative  of  e^nlibrium. 

On  die  CM-5  we  have  implemented  a  data  parallel  MD  algnithm  that  relies  heavity  cm 
sorting  and  die  Forttan-90  onmnand  CSHIFT.  Th^  two  functions  have  been  highly  opthnized 
on  die  CM-5.  All  of  the  data  associated  widi  the  particles  (e.g  positions,  velocities,  etc.)  are 
arranged  in  l-dimenskmal  arrays,  even  duugh  we  are  stdving  3-diinensional  problems.  The 
{d^ical  dmnain  is  divided  into  small  3-dinieiisioiial  cells,  each  side  of  which  is  lengdi  equal  to 
die  cut-off  distanoe.  To  determine  which  cell  a  motecule  is  in,  we  simply  truncate  die  position 
vectors  (x,y,z)  of  each  particle  by  converting  them  frcxn  real  numbers  to  integers.  These  dnee 
integers  can  feen  be  easily  combined  into  a  single  integer  denoting  die  cell  location  using: 

/CELL  =  K*XCELLS*YCELLS+J*XCELLS+L 

Once  we  know  which  cell  each  particle  is  in,  we  can  sort  tiiem  according  to  their  cell 
number  usiig  die  CMF_ORDER  routine.  A  general  purpose  Fortran-90  send  command  thm 
arranges  ail  die  particles  in  order  of  dieir  cell  locatitm.  All  die  molecular  intoactions  can  be 
amqiuted  by  making  a  dtqilicate  of  the  sorted  arrays  and  repeatedly  using  CSHIFT  cm  die 
(hqilicated  array.  After  each  CSHIFT,  interactions  are  computed.  I^ically,  one  must  use  M 
CSHIFT’s,  udiere  M  is  the  maximum  number  of  particles  in  a  cell.  This  process  must  be 
performed  not  only  to  all  die  particles  within  each  cell,  but  to  all  the  neighboring  26  cells  as 
well. 

The  above  code  was  tun  on  a  128-node  CM-5  using  up  to  1 ,000,000  particles.  The  code 
requires  roughly  59  words  of  memory  per  particle  and  achieved  roughly  8%  of  the  peak  ^leed 
of  the  CM-5.  We  were  able  to  sustain  1.8  gigaflops.  This  program  required  loi^y  27 
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/iiwicontlit  per  particle  per  tone  step. 

In  additinn  to  imfdemeating  a  data  paialld  qiproach.  we  have  also  uaed  a  comideldy 
dififerent  programming  paradigm;  message  passing.  This  apfsoach  uses  essentially  F<»tran-77 
with  Parallel  Virtud  Machine  (PVM)  to  s^  data  frran  processor  to  processor.  This  has  been 
implemented  on  clusters  of  1M>4  RS/6000  wwkstatkms.  Penn  State  also  has  a  32-node  IBM  SP- 
1  computer,  and  results  6mn  tunning  tiie  inogtam  on  this  machine  will  be  available  in  die  near 
future. 

In  this  approach  we  also  use  the  Lennard-Jones  model,  but  {diysical  qiace  is  divided  into 
larger  subdomains,  widi  the  number  of  subdomains  equal  to  the  nuniber  of  processes.  Within 
each  subdomain  we  have  implemented  a  linfced-list  MD  code  widi  a  cut-off.  A  dnee- 
dimenskmal  grid  widi  cell  disaretizatkm  at  0(e)  b  uaed  widun  each  subdomain  to  tistaiMth  die 
linloed-list  anmectiviQr  of  die  molecules.  Imposing  die  cell  structure  dranaatically  reduces  die 
computation  of  mcdecular  interactions  from  0(N^  d>  0(N).  Due  to  die  cell  stmcuite,  oi^ 
interactions  widun  a  cell  and  die  26  nei^dxiting  cells  are  required.  Thus  die  calculation  of 
the  intetmolecular  potential  is  gieatty  ledhiced.  We  can  dierefoie  retain  the  efficiency  of  die 
linked-listalgOTidim  and  yet  eqdtne  die  powa  of  the  dcnnaiD-deconvosition  parallelism.  Indus 
apinxiach  we  can  obtain  the  full  power  of  die  RISC  processor  D^nk  keqiing  die  netwodc 
contention  low.  Bssentially  this  approach  can  be  descriM  as  a  two-grki-levd  algoridim  widi 
parallelism  inqilemented  on  die  coarse  grid  level. 

During  each  time  stq;i  the  particles  move  according  to  dieir  velocities.  These  are  stticti^ 
inrai  mmpitariAiM  attA  twqum  tm  miwmiinifftinn  After  die  move  we  determine  wluch  patticks 
have  left  their  subdomains.  All  die  particles  diat  leave  dieir  domain  are  sent  to  a  master 
processor.  The  master  processor  sorts  all  these  particles  and  resends  diem  to  the  proper 
processor.  The  master-slave  approach  was  used  to  sinqili^  the  programming,  mmunire  necwoit 
contention,  and  achieve  better  scaling  as  processors  are  added. 


Figure  la,  lb.  Initial  conditions  and  equilibrium  (60,000  time  steps)  for  a  subcritical  argon 
droplet  (T*  =  0.7)  using  periodic  boundary  coixtitions. 
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SUMMARY 

A  plan  fi>r  studying  die  atomization  processes  of  supercritical  fuels  injected  into  a  quiescent  gas 
is  presented.  The  goal  of  this  research  is  to  study  two  processes:  a)  thermodynamic  state  transitum  of 
stgieraidcal  fuel  within  a  nozzle  passage;  b)  mixing  processes  of  supercritical  fuel  with  the  surrounding 
gas.  Nozzles  of  different  L/d's  will  be  tested  to  illustrate  thermodynamic  state  transitiQn  and  nozzle 
geometry  effects  on  atonization  and  mixing.  Ethyloie  and  nitrogen  are  used  in  die  present  stuify  to 
simulate  interactioos  of  supercritical  fuel  and  air.  Qualitative  and  quantitative  measurements  will  be 
made  to  characterize  the  flow  field.  Fuel  penetration  lengdis  wiU  be  determined  by  studying 
shadowgnqihs.  Spimtaneous  planar  Raman  scattering  method  will  be  used  to  measure  the  ediylene 
concentratiim  and  temperature  distributitMis.  The  results  generated  will  aid  die  understand  of  atomization 
inocesses  as  well  as  quantify  the  mixing  efiSciency  of  supercritical  fuels. 

OVfRVIEW 

¥or  hyporsonic  fU^its,  e.g.  fli^t  Mach  number  greater  dian  8,  cooling  of  the  airfinme  becmnes 
an  ei^ineering  diallaige.  The  use  of  endodiermic  fuels  has  been  proposed  as  a  means  for  regmoative 
.  cooling  of  the  airfiame  compmients  subjected  to  severe  aerodynamic  beating.  This  afqiroacb,  however, 
increases  die  fuel  temperature  and  fnessure  and  usually  die  fuel  is  in  supercritical  state  befine  injection 
[1].  For  example,  in  a  typical  sciamjet  cycle,  siqieroitical  fuel  is  inject^  into  a  siqierlieated  combustcv 
mvirooment,  see  Figure  1.  To  simulate  these  ccniditions,  an  experiment  must  be  devised  to  allow  study 
of  fuel/gas(air)  mixing  over  a  wide  range  of  tempwatures  and  pressures. 

For  supercritical  fluids,  thermodynamic  and  transport  properties  exhibit  unusual  bdiavior  near 
die  siqiercritical  point;  e.g.  zero  surface  tension,  liquid-like  density,  gas-like  difhisivities,  etc.  [1,2,3].  A 
p-P  diagram  is  ^wn  in  Figure  2.  Near  the  critical  point  die  gradient  of  fluid  tfensity  widi  respect  to 
temperature  and  pressure  is  extremely  large.  A  10%  decrease  in  die  fluid  pressure  results  in  a  50% 
reduction  in  fluid  density,  if  an  isodiermal  inocess  at  the  critical  temperature  and  pressure  is  assumed. 
These  unusual  jm^ierties  will  affect  atomization  and  mixing  processes.  Gien  [4]  recendy  studied  die 
atcmization  processes  of  supercritical  SF5  injected  into  quiescent  gases  and  found  diat  die  supercritical 
fluid  exhibited  an  opaque  core  which  persisted  for  a  long  distance  before  disqipearing  as  a  result  of 
mixing  and/br  chan^  of  its  thermoityiuDnic  state.  Howevo*,  the  core  lengdis  observed  were  much 
smaller  than  diose  produced  by  subcritical  liquids  injected  under  die  same  test  conditions.  Hermanson  et 
al.  [5]  studied  die  supercritical  (cryogenic)  nkrogra  injected  into  supersonic  flow  streams  and  attributed 
a  reductimi  in  penetration  height,  ^hen  compared  to  subcritical  edianol  injection,  to  a  larger  degree  of 
stqieiheat  Th^  studies  indicate  diat  attxnization  and  mixing  processes  of  siqieraitical  fluids  are  vasdy 
different  fimn  diose  observed  in  subcritical  conditions.  Neverdieless,  the  results  obtained  fixim  injection 
of  liquids  in  a  subcriticai  state  can  be  used  as  a  flame  of  reference  when  one  studies  supercritical  fluid 
injection.  Liquid  atomization  of  subcritical  liquids  has  been  reviewed  and  summarized  in  many  recent 
articles  [6,7].  It  is  generally  i^reed  diat  liquid  atomization  is  caused  by  liquid  turbulence,  liquid 
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voiticity,  liquid  cavhatioii,  and  aerodynamic  forces.  Aerodynamic  forces  can  be  impcatant  at  scune 
conditions,  however,  the  dominant  fecUus  are  related  to  tte  flow  conditioning  at  the  nozzle  exit. 
Experiments  of  Ruff  et  al.  [8]  and  Wu  et  al.  [9]  have  shown  die  influence  of  fluid  flow  quality  and  fHXifile 
at  the  injector  exit  on 'mixing  and  droplet  size  distribution  immediately  downstream  of  dm  injector.  The 
present  effort  will  also  study  the  effect  of  nozzle  geometry  on  atomization  ami  mixing  of  supercritical 
fluids  over  a  wide  range  of  operating  conditioos. 

TECHNICAL  DISCUSSION 
Experimratal  Approaches 

The  proposed  experimendd  approach  is  to  inject  supercritical  fluid  vertically  downward  into  a 
large  injection  chamber  filled  widi  an  inert  gas.  A  sketch  of  die  tqiparatus  is  shown  in  Figure  3.  The 
experimental  setup  consists  of  a  liquid  fuel  tank,  a  soloioid  valve,  a  fluid  temperature  control  unit,  a 
nozzle  section,  and  a  test  chamber.  The  fuel  tank  assembly  is  designed  to  allow  i»eset  operating 
conditions  (mass,  foessure,  and  temperature).  A  fast-acting  solenoid  valve  with  a  re^nse  time  of  30-45 
ms  will  be  used  to  ctmtrol  the  injection  time  period.  Injection  run  times  will  be  limit^  to  few  seconds  in 
order  to  minimize  the  consumption  of  supercritical  fbel  and  maximize  the  number  of  test  runs  before 
reaching  a  significant  fuel  vapor  partial  pressure  in  the  injection  chamber. 

Tim  supercritical  fuel  tonperature  is  monitored  by  using  thermocouples  and  controlled  by 
flowing  coolant  outside  the  fuel  pipe  alcmg  the  fuel  delivery  line.  The  coolant  temperature  is  accurately 
controlled  over  dm  range  of 247  to  422  K  by  using  a  commercially  available  heat  exchanger  device.  The 
liquid  pressure  and  tempoature  are  measured  by  a  piezoelectric  pressure  transducer  and  a  type  K 
diermocoiqtle  reqmctively  at  one  fuel  pipe  diameter  iq)stream  of  die  nozzle  orifice.  The  measured 
pressure  and  temperature  are  dmn  used  to  determine  die  fluid  density  widi  a  32  term  modified  Benedict- 
Webb-Rubin  (MBWR)  equatiem  [3]. 

Nozzles  are  limit^  to  1  mm  in  diameter  at  the  exit  with  an  aspect  ratio  of  104:1  to  reduce  fluid 
tuibulence  level  and  to  minimize  iqistream  flow  disturbances.  The  nozzle  length  to  diameter  ratio  is  an 
important  parameter  in  diis  study  and  will  involve  L/d  of  O.S,  4,  SO,  and  100.  In  order  to  prevent 
cavhaticm,  the  entry  to  all  nozzle  passages  is  rounded.  Test  fluid  will  be  limited  to  etfayloie  for  two 
reasons.  First,  in  a  real  engineering  system,  diermal  cracking  and  endodnnmic  conversion  of 
hydrocarbon  fuels  result  in  production  and  injection  of  ethylene.  Second,  die  critical  temperature  of 
efoylene  is  close  to  die  ambient  room  temperature  i^ch  reduces  system  safety  requirements.  To 
simulate  the  scamjet  combustor  operating  conditions,  a  large  high  temperaturedii^  pressure  optical 
injection  chamber,  420  mm  in  diameter  and  940  mm  in  height,  has  been  designed.  The  gas  pressures  and 
temperatures  can  be  varied  over  a  wide  range,  up  to  7500  kPa  at  81 1  K. 

Qualitative  and  quantitative  optical  measurements  will  include  high-speed  photography,  back- 
li^ited  shadowgnqihy  and  spontaneous  planar  Raman  scattering  mediod.  Photognqihy  will  be  used  for 
flow  visualization  to  identify  the  thermorfynamic  phase  (i.e.  gas/liquid)  of  the  supercritical  fluid 
immediately  downstream  of  die  injector  nozzle.  Shadowgr^ihy  will  be  used  to  measure  the  mean  length 
of  die  opaque  fluid  core,  while  the  spontaneous  planar  Raman  scattering  mediod  wall  be  used  to  estimate 
concentration  and  temperature  distributions.  The  532  nm  line  of  a  NdrYag  laser  operating  at  400  mJ  will 
be  used  fm  all  diese  measurements.  For  die  planar  Raman  scattering  method,  the  laser  beam  will  be 
expanded  into  a  diin  sheet  and  die  3020  cm'^  shift  of  ediylene  and  the  233 1  cm~^  shift  of  nitrogen  will 
be  employed  to  i»ovide  die  total  number  density  at  each  location  [10].  Knowing  die  total  number 
density  and  total  pressure  inside  the  test  chamber,  concentration  and  temperature  distributions  can  easily 
be  obtained. 

Study  Pfam 

The  present  study  is  designed  to  address  two  critical  issues  involved  wddi  injection  and 
atomization  of  supercritical  fuels:  a)  the  effects  of  diermodynamic  state  transition  inside  die  injector 
passi^  and  its  influence  on  the  ensuing  flow  field;  b)  the  observation  of  the  mixing  and  entrainment 
processes  pertaining  to  injection  of  supercritical  fluids  immediately  downstream  of  die  injector. 
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nicmodynamic  State  Transition: 

The  understanding  of  die  thermodynamic  state  variation  within  die  nozzle  passage  is  crucial 
because  it  determines  die  initial  conditions  for  fiiel/gas  mixing.  It  is  well  known  that  diffoent  injector 
geometries  result  in  different  atomization  phenomena  for  subcritical  liquids  since  the  liquid  flow 
propoties  at  die  nozzle  exit  dominate  the  atomizadmi  processes.  For  atomization  of  supercritical  fluids, 
the  situation  becomes  more  complicated  due  to  the  possibility  of  a  thermodynamic  state 
transition/change  caused  by  die  pressure  drop  widiin  the  injector  nozzle.  Nozzles  of  different  L/d's  are  to 
be  used  to  illustrate  die  gemnetry  effects.  The  flow  residoice  time  in  short  L/d  nozzles  is  insignificant 
and  no  thomodynamic  transitimi  will  be  assumed.  TherefcHe,  to  identify  the  fluid  conditimis  at  die 
nozzle  exit,  the  flow  can  be  approximated  with  a  frozen  flow  model  and  treated  as  an  incompressible 
fluid.  Nozzles  with  longer  L/d  have  a  longer  passage  and  therefore  a  Icmger  flow  residen<'e  time  for  die 
same  mass  flow  rate.  For  these  studies  the  diermodynamic  properties  of  the  supercritical  fluid  can 
drastically  change  as  it  passes  dirough  the  injector  nozzle.  If  the  fluid  residence  time  widiin  the  nozzle 
pass^e  is  large,  one  can  assume  that  the  fluid  reaches  a  thermodjmamic  equilibrium.  Then  die 
isentropic  flow  relations  can  be  used  to  determine  the  fluid  properties  at  die  nozzle  exit  The  validity  of 
the  above  two  assumptions  will  be  tested  against  die  experimental  observations.  Note  that  the 
measurements  and  flow  visualizations  will  allow  us  to  determine  whether  the  fluid  is  in  supercritical 
state  or  in  a  gas  phase  just  outside  of  the  injector  nozzle. 

Mixing  Processes: 

For  liquid  atomization,  die  intact  core  length  is  an  important  parameter  for  both  fundamental 
studies  and  practical  applications.  The  opaque  core  length  of  die  siqiercritical  jet  will  be  measured  to 
provide  penetration  and  mixing  information.  The  results  fiom  different  nozzles  are  also  to  be  compared 
to  illustrate  die  nozzle  geometry  effects. 

Anodier  objective  of  this  study  is  to  quantify  die  mixing  (xrocess  by  measuring  concentration  and 
temperature  distributions.  Injection  of  supercritical  fluids  is  a  process  that  fells  between  injections  of 
incmniHessible  liquids  and  cominessible  gases.  The  concentration  and  temperature  distributimis  within 
the  fml  plume  will  be  valuable  for  the  validations  of  future  computational  simulations.  It  is  also 
important  to  quantify  and  differentiate  die  mixing  processes  of  subcritical  and  supercritical  fluids  to 
provide  much  needed  engineering  guideline  for  the  design  of  advanced  combustors.  Test  conditions  of 
the  present  stu<fy  are  summarized  in  Table  1. 
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Table  1  Summary  of  Test  Conditions  (Pc=50.5  atm.,  Tc=283  K) 


Parametns 

Ranges 

lyPc 

1.1 

Tj/Tc 

0.9, 1.0, 1.1 

Pg/Pc 

0.1, 0.5,  0.85, 1.0 

Tg/Tc 

1.05, 1.2, 1.5, 2.5 

Figure  1  Operating  Conditions  for  a  Typical  Scramjet  Figure  2  Variation  of  the  Reduced  Density  of  a  Pure 
Cycle.  Component  Near  Its  Critical  Point  [2]. 


Figure  3  Sketch  of  Supercritical  Fluid  Atomization  Test  Apparatus 
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SUMMARY/OVERVIEW: 

Increases  in  aircraft  and  engine  performance  are  increasing  die  heat  load  being  transfored  into  an 
aircraft's  primary  coolant—the  fuel  [1].  This  research  is  aimed  at  understanding  the  limitations  of 
operaticm  of  fuel  heated  to  480  *C  (900  *F).  Important  areas  are  expected  to  be  thermal  stability, 
heat  transfer/flow  instabilities,  and  injection  properties.  This  discussion  focuses  on  thermal 
stability. 

TECHNICAL  DISCUSSION 

"Thermal  stability"  refers  to  the  ability  of  a  fuel  to  absorb  heat  without  the  formation  of 
undesirable  solid  dqxisits  or  other  reaction  pnxiucts.  Chment  jet  fuels  are  thermally  stable  up  to 
temperatures  of  ~170  "C  (325  ’F).  This  research  is  aimed  at  ^termining  die  barriers  to  the  use 
of  a  hydrocarbon  fuel  at  480  *C  (9(X)  *F).  Two  distinct  types  of  fuel  reactions  are  involved  in 
thermal  stability  at  these  temperatures:  thermal-oxidative  and  pyrolytic  reactions.  Thermal- 
oxidation  stability  has  been  studied  in  single-tube  heat  exchangers,  where  it  has  been  found  that 
naphthenic  and  paraffinic  hydrocarbons,  both  pure  and  refined  mixtures,  are  of  about  equal 
thermal  stability  at  these  high  temperatures  [2,3].  Recent  work  has  shown  that 
detergent/disper^t  additives,  found  to  be  effective  in  other  thermal  stability  tests  at  lower 
teoqieratures,  can  dramatically  reduce  the  surf^  deposition  from  jet  fuels  heated  to  480  'C  (9(X) 
*F).  This  is  illustrated  in  Figure  1.  The  mechanism  of  this  reduction  in  deposition  is  under 
investigation.  Pyrolytic  stability  has  also  been  examined  in  flowing  tests.  It  has  been  found  that 
naphthenic  and  paraffinic  hydrocarbons  were  again  of  coiiq>arable  thermal  stability  [4].  This  is 
in  contrast  to  batch  reactor  work,  where  naphthenes  were  found  to  be  more  stable  tiian  paraffins. 
The  pyrolytic  deposition  from  jet  fuels  heated  to  ~590  'C  (11(X)  *F)  was  found  to  be  very 
dependent  upon  the  presence  of  additives.  Benzyl  alcohol  and  tetralin  were  found  to  reduce 
d^sition  (probably  by  acting  as  high  temperature  hydrogen  donors),  as  were  glycol  ether  fuel 
system  icing  inhibitor  and  fuel  oxidation  pr^ucts  [4]. 

A  unique  CFD/chemical  kinetic  model  of  the  fuel  oxidation  and  deposition  processes  has 
been  constructed  and  is  under  refinement  [5,6,7,8].  The  model  has  been  successful  in  predicting 
deposition  behavior  in  nozzle  and  heat  exchanger  environments.  The  global 
chemistry/deposition  scheme  used  in  the  model  is  shown  in  Figure  2.  The  rate  constants  for  the 
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reacticms  are  determined  from  calibration  tests  in  various  diennal  environments.  Problem  areas 
under  current  study  include  die  effect  of  the  fuel  thermal  history  (e.g.,  preheating),  calibration  for 
different  fuels,  and  low  temperature  initiation  processes.  The  relaticm^p  between  the  oxidaticm 
reactions  and  die  deposition  can  be  quite  ctunplex  [1,7,8]. 

A  better  understanding  of  the  fuel  deposition  processes  will  require  better  diagnostic 
probes.  The  quartz  crystal  microbalance  (QCM)  is  being  used  as  a  very  sensitive  probe  of 
surface  deposition  [9,10].  This  in  situ  probe  allows  deposition  measurements  in  real  time. 
Simultaneous  application  of  the  QCM  and  photon  correlation  spectroscc^y  is  being  explmed  to 
examine  the  mechanisms  of  surface  deposition.  Tliere  is  still  debate  as  to  the  mechanisms  of 
thermal-oxidative  surface  deposition,  with  two  possibilities  being  transport  of  insoluble 
macroscopic  particles  from  the  bulk  fuel  to  the  surface,  or  transport  of  smaller  soluble 
"precursors”  from  the  bulk  to  the  surface.  An  alternative  view  of  this  second  possibility  is 
ai^orption  of  precursor-type  species  by  the  deposit  from  the  bulk  fuel.  Inverse  liquid 
chromatography  is  being  used  to  study  to  adsorption  properties  of  deposits  [11].  There  is 
evidence  that  the  deposits  can  preferentially  absorb  polar  q)ecies  similar  to  precursors  from  the 
fuel,  as  can  metal  surfaces. 

Ultrafast  laser  diagnostics  are  being  used  to  probe  the  chemical  environment  of  high 
temperature  fuels.  Buildup  of  a  system  to  examine  the  "clustering"  seen  in  supercritical  solvents 
is  underway,  with  application  to  high  temperature  fuels  (typical  fuel  Tc  ~38S  *C  (725  *F)).  Two- 
photon  fluorescence  is  also  being  studied  as  a  chemical  probe  [12].  The  inherent  weakness  of  the 
two  -photon  process  is  offset  by  the  high  power  d^isities  in  the  ultrafast  pulse,  and  the  specificity 
of  the  process  allows  discrimination  between  the  desired  signal  and  the  large  one-photon 
fluoresceitee  seen  in  jet  fuels.  Interestingly,  the  two-photon  signal  from  jet  fuels  correlates  with 
their  thermal  stability,  as  shown  in  Figure  3.  The  best  fuels  (as  shown  in  Hgure  1)  produce  the 
lowest  two-photon  signal  from  IR  excitation.  The  source  of  the  two-photon  emission  is  under 
investigation. 
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Hgure  1.  The  effect  on  surface  deposition  of  adding  100  mg/L  of  a  dispersant  ("8Q405")  to  air- 
saturated  jet  fiiel.  Test  parameters:  12  mL/min  flow,  69  atm,  fuel  heat^  to  480  *C  (900  *F),  1.4 
mm  ID  316  SS  tubing.  JPTS  and  JP-7  arc  highly  processed,  higher  cost,  thermally  stable  foels. 
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Deposits 


Figure  2.  Global  mechanism  used  in  CFD  deposition  model  [5,6,7]. 


RmI 


Figure  3.  Relative  two-photon  fluorescence  signals  for  jet  fuels  [12].  Note  that  the  fuels  with  the 
smdl  signals  are  the  high  thermal  stability  fuels  shown  in  Figure  1.  The  other  fuels  are  Jet  A 
fuels  of  lower  thermal  stability  than  the  two  Jet  A  fuels  in  Figure  1. 
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SUMMARY 

Challengjng  projeaed  new  fuel  characteristics  of  concern  to  the  Air  Force,  Princeton’s  Puds 
Combustion  research  program  has  evtdved  into  an  integrated  dton  that  now  focuses,  in  order  of  priority, 
on:  a)  tte  tfaennal  depadation  of  jet  fud  components  under  sub-  and  siqrer-critical  condititms;  b)  the 
pyrolysis  and  oxidatitm  of  protypical  endothmnic  fuels;  c)  the  oxidation  kinetics  of  aromatic  fuels, 
tnriuding  die  ptdynudear  aromatics,  and  aromatic-al^ihatic  fud  blends  and  d)  soot  f mmation  and 
destruction  processes.  TUs  integrated  research  program  is  unique  not  only  in  the  programs,  but  also  in  tbe 
integration  of  the  various  components  by  considering  identical  fud  conqpounds  in  each  dement 

TECHNICAL  ZMSCUSSION 

1)  Sub- and  SnperOltical  Fuel  Degiadatkm  Study 

Oegradatian  studies  of  toluene,  methylcydohexane  (an  endotbomlc  fud)  and  tohiene/metfayl 
cyddKxane  mixtures  were  studied  at  unique  cornhtnatlmis  of  tenqieratures  and  pressures  in  sub/siqier- 
crttical  liquid  flow  reactor  sqiparatus  described  last  as  being  devdoped.  Fig.  1  graphically  portrays  the 

iiiatiix  of  eiqietiiiientalcmiditiaocisexaiiiined  in  the  now  fidlydevdiq[)ed  reactor.  The  figure  contains  critical 
tenqierature  and  pressure  information  on  toluene  and  methylcydohexane.  To  date  most  of  the 
eiqieriments  conducted  have  been  at  temperatures  and  pressures  above  the  critical  points  of  the  pure 
Quids  and  probably  above  those  for  the  tohiene/metihyl  cydohexane  mixture.  The  residence  times  in  die 
flow  reactor  have  been  varied  from  almost  20  minutes  to  as  litde  as  almost  1  minute 

As  can  be  observed  in  Figure  1,  one  set  of  systematic  eiqperiments  examining  tbe  chemical  changes 
in  pure  methyl  cydchexane  has  been  conducted  as  a  function  of  tenqierature.  This  set  is  shown  on  the 
figure  by  sdid  blade  squares.  As  the  methyl  cydohexane  is  heated  it  approaches  teirperatures  at  \diich 
solid  material  forms  and  dogs  the  reactor  tube.  Cases  where  diis  dogging  has  been  observed  are  shown  oa 
the  figure. 

The  experiments  conducted  at  temperatures  just  preceding  that  which  causes  dogging  have  yidded 
Quid  sanples  that  were  analyzed  by  gas  diromatography- Fourier  Transform  spectroscopy.  The 
prdiminary  results  indicate  that  the  methyl  cydohexane  fragments  on  heating  to  produce  li^t  gases  such  as 
methane  and  a  variety  of  four  and  five  cartxm  spedes.  These  latter  spedes  are  being  examined  more  dosdy 
in  order  to  determine  their  identities.  Also  benzene  sppears  to  be  formed.  What  does  not  appear  to  be 
famed  are  large  mdecular  spedes  such  as  polynudear  aromatics  or  polymers  that  would  constitute  the 
precursa  spedes  to  deposit  formatioa  Investigation  of  the  liquid  phase  chemistry  is  continuing. 

Two  of  die  three  experiments  that  led  to  dogging  have  yielded  solid  samples  suitable  for  analysis. 
The  first  experiment,  indicated  on  the  figure  by  a  solid  black  ip  triangle  marked  dogged,  was  conducted 
with  a  90%  toluene,  10%  methydeydohexane  mixture  at  797K,  4.63MPa  and  a  residence  time  of  1.05  minutes. 
The  second,  indicated  on  the  figure  by  a  solid  black  drde  labeled  "dogged”,  is  the  methyl  cydohexane 
epeiiment  at  657K,  4.14  MPa  and  residence  time  of  4.12  min. 

These  two  eiqieriments  exhibited  the  onset  of  particulate  formation  dogging  by  a  rapid  rise  in  the 
fluid  pressure  as  the  blockage  developed  in  the  nickd  tubing.  As  this  pressure  rise  occurred,  the  flow  rate 
was  drastically  increased  in  order  to  drive  the  blocking  material  out  of  the  tubing.  The  black  powdery 
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material  that  exited  die  reactor  in  the  reactant  fluid  was  captured  and  subsequently  analyzed  using 
transmission  decmm  microscopy  CTEM).  energy  loss  and  electnxi  di^cdon  spectroscopy. 

Analysis  was  conducted  with  a  CM  20  Philips  TEM.  The  TEM  and  enorgy  loss  analysis  indicated  that 
the  black  poi^ery  material  consisted  of  filaments  of  graphitic  platelets  aligned  parallel  to  the  long  axis  of 
the  filament.  The  EDAX  (electron  diffraction)  analysis  also  indicated  that  the  filaments  cmtained, 
ocduded  within  the  filament,  nickel  particles.  Copper  was  also  shown  to  be  inesent  but  only  in  the 
stqnxuting  grid  necessary  for  the  TEM  analysis.  Photogr^ihs  were  subsequently  generated  frcmtheTEM 
analysis. 


Three  unusual  characteristics  ejdiibited  by  dtese  filaments  appear  to  be  tmique.  First,  die  whole 
length  erf  the  filament  is  conqrosed  of  a  gently  curling  rod  widiout  any  kinks  or  sharp  changes  in  directlcm. 
Kinks  generally  are  sites  of  weakness  in  a  fibo*  and  lead  to  fracture  at  the  kink  location.  Secondly,  the 
nickd  particles  are  contained  within  the  length  of  the  filament  not  Just  at  die  ends.  The  literature  on  this 
subject  indicates  that  metal  parddes  such  as  nickel  occur  at  the  end  of  the  filament  and  serve  as  the  base 
frenn  which  the  filament  grows.  QrapUde  filaments  as  produced  here  have  not  been  observed  to  contain 
nickd  parddes  within,  especially  parddes  that  appear  to  be  faceted.  Thirdly,  although  there  appears  to  be 
the  hint  of  a  hdlow  core  in  these  ftlaments,  they  are  primarily  sdid  rodlike  structures.  Graphidc  filaments 
generally  omtain  a  substantial  hollow  center  core.  A  unique  diaracterisdc  of  these  filaments  not  obvious 
from  the  photos  is  that  the  condidons  of  produedon  involve  higher  pressures  and  much  lower  temperatures 
Lenmntnally8(X)K  rather  dian2(XX)K,  than  have  been  required  in  other  processes.  Consultadmiwidi 
Structural  Materials  Braaoch  of  WPAFB  have  revealed  these  filaments  to  be  unique  and  perhaps  of  great 
value. 


The  essential  discovery  of  importance  to  die  Air  Force  is  a  method  of  fahricadon  of  graphidc 
filaments  in  the  nresence  of  metal  narddes  when  exposed  to  hvdmfarhon  fhiiris  rtth«»r  In  the  supercritical 

state  l.e.  at  high  nres.siires  and  at  temoeratures  above  dieiUdcal  point  nressures  and  temperatures  and. 

nosslMv  when  exposed  to  fluids  at  Mdi  pressure,  and  modest  temneratures  so  that  the  hvdmrarhnns 

rrmain  In  the  Uauid  state. 

2)  Pyre^ysis  and  Chddatkm  of  Fjndothermic  Fuels  and  Fuel  Blends 

The  initial  results  cm  the  study  of  the  methjdcydohexane  (MOD/toluene  blends  have  been  most 
entighrening  and  encouraging  in  that  Uend  studies  may  follow  a  pattern  that  predudes  detailed  variation  of 
the  blend  components.  Examinatiem  of  pure  MCH  during  pyrolyds  and  oxidation  revealed  that  ediane, 
butadiene,  methane  and  propene  were  the  major  stable  intermediates.  Since  the  pyrolysis  and  oxidation 
(haracteiisdcs  of  diese  intenne^tes  had  already  been  studied  in  the  program,  the  overall  mechanistic 
diaracter  of  these  processes  now  appear  to  be  understood. 

The  oxidation  experiments  of  MCH/toluene  blends  have  led  to  three  significant  findings  rdevant  to 
comptmentsdection  in  multi-component  JP  fuels.  They  are: 

1)  Toluene,  commonly  thought  to  be  a  reaction  inhibitor,  has  little  effect  on  the  rate  of  oxidation 
of  MCH. 

2)  Early  in  the  oxidation  process  MCH  produces  an  extensive  radical  pool  which  is  not  only 
suffident  to  insure  MCHs  rspid  oxidation,  but  also  to  serve  to  acederate  the  oxidative  pyrolysis  of 
talume. 

3)  When  oxidized  as  a  blend,  MCH/toluene,  despite  sharing  a  radical  pool,  each  appear  to  follow 
tiidr  own  oxidatiKm  mechanism  as  pure  spedes. 

3)  IheQxldatkmandPyrdysisofHydrocarbotis 

Previous  Investigations  of  the  oxidation  characteristics  of  aromatics  considered  benzene,  moru>- 
aUqdated  benzenes  particularly  toluene  and  the  di-alkylated  benzenes,  particularly  o,  m  and  p-xylenes.  The 
recent  focus  of  tibe  restarch  was  on  the  oxidation  of  l-methylnaphthalene  and  has  provided  the  first 
detailed  oxidatiem  results  for  any  polycydic  aromatic  hydrocarbon  (PAH),  despite  the  presence  of  PAH’S  in 
many  practical  fuds.  The  results  of  t^  study  can  be  summaiized  succinctly  as  follows. 
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Detailed  intcnnediate  species  profiles  for  the  osddatitm  of  l-metfaytaiaphdialaie  have  been 
obtained  by  gas-phase  sampling  fhmi  die  atmosidieiic-pressure  flow  reactw  operating  at  about  1 170  K.  No 
evidence  was  fbimd  to  indicate  that  fud  consunq>tion  throu^  ring  reactions  was  ounpetitive  with 
omsumptiem  throu^  attadt  of  the  methyl  side  chain.  Based  on  the  observed  intermediate  species 
pnrfQes,  a  mechanism  has  been  proposed  fco’  the  oaddadmi  of  l-medi)humhtbalene  which  is  strongly 
analogous  to  a  previously  devdoped  medianism  for  the  oxidation  of  tohiene  under  flow  reaaor  conditions, 
la  dds  mechanism,  the  resonandy  stabilized  1  -naiduhyimednd  radical  undergoes  radical-radical  reactions  to 
fonn  1-naphthdridiyde.  iddch  decaoqioses  to  1-napfadni  radical  Naphthalene  and  l-naq;d)thyl  radical  are 
oxidized  to  1-nqditfaOKy  radical  which  decomposes  to  indenyl  radical  Further  reaction  and  decongiositicm 
results  in  die  forma  tton  of  idienylacetylene,  st^iene,  phenyl  radical  and  acetylene.  This  mechanism  is 
consistent  widi  the  observed  sequential  fonnation  of  die  major  annnatic  intermediates  1-naphthaldehyde, 
naidithalene,  indene,  jdienjiacetylene,  and  benzooe  Other  pathways  to  the  formation  of  minor 
intermediates  sudi  as  2^n^h^naphdialeDe,  aceiuyihtfaidene,  2-naphthol,  and  1-medqdindene  are  omsidered. 

4)  Soot  FOnnathm  and  Oestniction  nocess 

The  inmact  of  the  program’s  eff<Ht  on  soot  fmmation  and  destruction  processes  has  been  well 
estddished  and  wdl  recog^ed.  The  general  activity  in  this  aspect  of  the  overall  program  has  been 
dimlnishtng.  A  major  aspect  of  die  soot  problem  diat  was  resolved  during  this  report  period  was  with 
regard  to  die  critical  tenqieratute  fm*  soot  nudeadon.  By  measuring  the  temperature  along  the  center-line 
of  a  burning  fuel  jet  wdiidi  had  been  diluted  widi  an  inert  gas  until  it  was  no  longer  luminescent,  it  was 
possible  to  estabUsh  a  cridcal  tenq>erature  at  whkh  a  given  fuel  would  not  longer  soot  The  range  of 
temperatures  observed  fm  the  fuds  evaluated  in  diis  manner  was  extremdy  narrow.  The  prdiminary  results 
reported  previoudy  were  indeed  vaMated  by  more  e^ensive  esqieilinentadon.  These  rendts  showed  abort 
100  K  variatkm  in  die  oidcal  tenqierature  to  prevent  soodng  and  die  Oder  would  indicate  that  the  dihidoi 
tohnlque  could  have  affected  die  results  to  give  this  variadon.  The  fuels  that  had  the  least  tendency  to 
soot  demanded  tiu  least  amount  of  ddudtm  and  gave  dm  higdiest  critical  temperature.  It  would  sppear 
then  that  a  sin^  critical  temperature  for  soot  nudeatioi  in  ditfusion  flame  tests  exists  and  diat  die  actual 
temperature  is  in  die  1600-1700  K  range  regardless  of  the  fud.  Since  the  mechanism  for  the  fonnation  of 
the  initial  fud  particle  is  the  same  regardless  (rf  the  fud,  some  Uidt  activation  process  in  the  soot  fonnation 
mechanism  would  appear  to  control  initial  particle  nudeatimL 

This  result  pennitted  the  first  comidete  explanatitm  of  the  temperature  effect  in  sooting  diffusion 
flames,  partlculariy  those  using  circular  fud  Jets.  Essentially  dm  critical  temperature  isodmrm,  say  1650  K,  is 
die  point  at  idiich  soot  partides  nudeate.  The  soot  volume  firaction  grows  by  mass  addititxi  to  the 
parddes  until  die  parddes  enter  the  higher  temperature  flame  frimt  As  the  volumetric  flow  rate  of  the 
flow  is  increased,  die  separation  distance  of  the  flame  and  critical  temperature  isotherms  remains  essentially 
the  same,  but  die  amount  of  parddes  nudeated  increase  the  soot  volume  firaction  so  that  die  partides 
penetrate  the  flame  front  and  a  smote  hd^t  is  reached.  Different  fuds  will  form  different  ninnber  of 
nudeated  partides  at  the  1650  isotherm,  so  differoit  smiAe  hd^ts  are  obtained  for  different  fuels.  When 
die  fud  is  diluted  with  an  inert  gas,  the  flame  temperature  drops  and  the  1650  isodienn  moves  doser  to  the 
flame  temperature  isotherm.  Thus  the  growth  period  of  the  nudeated  partides  decreases  and  the  soot 
vdione  fraction  entering  the  flame  is  less.  To  create  a  smoke  point  for  this  diluted  condition,  the 
vobunetric  flow  rate  of  the  fud-inert  mixture  must  be  increased  so  that  more  partides  will  fornL 
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SUMMARY/OVERVIEW 

This  research  program  has  two  compCMients.  In  (me,  we  use  molecular  dynamics  ctxnputer 
giTBilations  to  inve^gate  solyation  in  supercritical  sc^vents.  In  the  odier,  we  conduct  experimental 
and  tfaeoRtical  studies  of  particle  fonnadon  from  supercritical  fluids.  The  simulation  to 

u^testand  the  mechanisms  of  solvation  in  supocritical  solvents,  and  how  these  depend  on 
dififexences  in  size,  shape,  and  interaction  energy  between  the  solvent  and  the  scdute,  as  well  as  on 
^  bulk  density  and  temperature,  hi  the  particle  formation  experiments,  we  use  supercritical  fl«iids 
diba  as  solvents,  in  wmch  case  particles  arc  fonned  by  rapid  eiqiansion,  or  as  anti-solvents,  in 
wfaicfa  case  partides  are  fonned  by  evaporatimi  ai  an  ocganic  solvent  into  a  supercritical  fluid 

The  goal  of  the  solid  fonoation  studies  is  to  understand  die  relationship  between  particle  size  and 
moridKdogy,  and  eiqietimental  ccnditions. 


TECHNICAL  DISCUSSION 

_ There  is  considerable  interest  in  understanding  the  local  environment  (microstructure) 

nmoonding  solum  molecules  in  a  supercritical  solvent  [c.g.,  1,2].  This  interest  is  driven  by  the 
intriguing  possibility  of  exploiting  diffsiences  between  local  and  bulk  ccmditions  for  reacticm  and 
sqnration  purposes  (3].  In  our  work,  we  use  cmnputer  simulations  to  gain  fundamental, 
mictoscopically-based  understanding  of  solvation  mechanisms  in  supercritical  solvents.  In  an 
ongcrag  study,  we  use  molecular  dynamics  to  investigate  the  system  benzene  (solute)  -  carbon 
^oidde  (supuitfitical  solvent).  We  mcxiel  benzene  as  a  rigid  six-site  molecule  [4],  and  cadx>n 
(fioxide  as  a  rigid,  linear,  three-site  molecule  with  a  pttint  quadnipole  [5]. 

The  simulations  ei^loy  oae  solute  and  255  solvent  molecules.  Periodic  boundary 
ccm^KXis  ate  used  to  eliminate  finite-size  and  surface  effects.  Since  there  are  no  solute-solute 
intera^o^  the  system  is  effectively  at  infinite  dilution  witii  leqiect  to  the  solute.  We  are 
inve^gating  the  micTOStructure  around  benzene,  and  the  way  in  which  it  affects  benzene's 
rotatkmal  and  tnuaslaticmal  diffosioa.  Simulati(ms  are  run  at  supercritical  tenqieratures  and  over  a 
rage  of  (tensities  sparming  the  dilute  gas  and  liquid-like  regimes.  The  quantities  under 
investi^ttion  are  OTentatitm-depenttent  molecular  distribution  fimetions,  the  dynamics  of  density 
fluctuatims  within  die  solvation  shell,  solute  rotatitmal  and  translational  diffosivity,  and  the 
distnbntioii  of  solvent  (mentatiom  around  benzene.  Figure  1,  for  example,  shows  the 
VitocofrelatKMi  forx^txi  for  carixm  dioxide  density  fluctuatuHis  within  the  fira  solvatitm  shell  (7.7 
^  distance  to  the  first  "valley"  of  the  solute-solvent  radial  distribution  function)  around  the 
boizeae  molecule.  From  it  we  obtain  a  relaxation  time  for  the  decay  of  density  fluctuations  of 
roughly  15  psec. 
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We  have  also  studied  solute-solute  aggregation  in  dilute  supacriacal  mixtures  [6].  This 
problem  is  computationally  demanding,  because  one  is  interested  in  dilute  mixtures  (mole  firactiai 
<  lO*^),  which  require  large  sample  sizes  and  long  simulations  in  order  for  solute-solute  statistics 
to  converge.  Becuise  of  £is  we  have  studied  simple,  ^herically  symmetric  model  systems,  with 
potential  panmeters  chosen  to  simulate  so-called  attractive  behavior  [7],  which  is  characteristic  of 
most  supercritical  systenos  of  practical  interest  In  this  kind  of  mixture,  the  solum's  partial  molar 
volunoe  and  enthalpy  are  large  and  negative,  and  die  short-  and  long-range  environment  around  the 
stdute  is  solvent-rKh  with  respect  to  the  bulk.  In  attractive  mixtures,  the  solute  is  larger  than  the 
solvent,  and  Ae  characterisdc  oiergy  for  sdute-solute  interacdois  is  la^er  than  for  solvent-solvent 
interacdcms.  We  have  derived  exact  equad(»s  that  allow  the  classificadon  of  a  mixture  into 
attractive  or  repulsive  (solvent-lean  noicrosmicture)  foxn  knowledge  of  the  differences  in  size  and 
energy  between  solute  and  the  solvent  [7]. 

Rgnre  2  shows  the  lifetimes  of  dimers  over  the  density  range  0.5  <  p/pc  <  2.  It  can  be 
seen  that  nothing  remarkable  happens  to  dimer  lifetimes  in  the  near-critical  region.  Dimers  stay 
together  for  roughly  0.8  psec.,  the  only  noticeable  effect  being  a  broadening  of  the  distribution  at 
high  densities.  We  see  no  evidence  of  extensive  solute-solute  aggregation  at  near-critical 
coitions. 


Distribution  of  Dimer  lifetimes 
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Hymel:  Amocomlaion  of  caiboiidioiride  density 
flactDatk»s  in  die  vicfnity  of  a  benzene  molecule, 
calcnlaed  by  molecalar  dynamics. 


Figure  7i  Densitv  dependence  of  the  disnibittion  of 
pyiene  dimer  lifetimes  in  siqieicrilical  carixn 
dio)dde,(ak:ulattdly  moteculardynatnics-Pyicoe 
mole  firactiOD  is  0.0025.  The  solves  critical 
density  and  temperature  ate  T*  »  kT/e  »  131,  p*  = 
po^  s  031,  where  e  and  a  are  Lennard-Jones 
parameters. 


An  ina|)Oftant  result  firom  simulations  and  integral  equation  calculations  is  the  fact  that 
differences  between  local  and  bulk  conditions  are  always  more  pronounced  at  substantially  sub- 
critical  densities.  For  example,  in  integral  equation  calculations  of  the  system  m^htluiene-carbon 
dioxide,  we  found  diat  the  ISrst  pe^  of  the  solute-solute  correlation  function  attained  its  maximum 
value  at  60%  of  the  solvent's  critical  density.  Analogous  results  were  obtained  for  the  solute- 
solvent  local  density  augmentation  by  molecular  dynamics.  This  confirms  that  short-ranged 
interactions,  and  in  ptoticular  solvation,  are  unaffected  by  the  proximity  to  critical  points.  Although 
this  point  seems  obvious,  there  has  been  considerable  confusion  in  the  literature  about  the 
separatkm  of  long-  and  short-ranged  effects  in  dilute  supercritical  mixtures  [8]. 

Si:g)etctitical  fluids  are  an  extremely  interesting  meHiiim  for  particle  formation.  There  exist 
two  routes  to  supercritical  particle  formation:  rapid  expansiem  (RESS)  and  the  anti-solvent  process 
(SAS). 


In  RESS,  nucleation  and  growth  are  triggered  by  the  partial  decompression  of  a 
siq)erctitical  solvent,  which  causes  a  pronounced  loss  of  solvent  power  and  the  precipitation  of 
solutes.  Fast  expansions  (e.g.,  <  10*^  sec.,  which  can  be  easily  attained  in  nozzle  flows)  lead  to 
appreciable  suptpaturations.  In  the  case  of  supercritical  solutions,  the  range  of  attainable 
supersaturations  is  especially  high  because  of  the  enormous  rahancement  in  the  solubility  of  a 
given  solute  with  respect  to  ideal  gas  conditions  at  the  same  tenq)erature  and  pressure,  a  quantity 
that  can  be  as  hi^  as  10^.  Furthermore,  precipitation  is  triggered  mechanically  rather  than 
diermally.  Mechanical  perturbatimis  travel  at  the  speed  of  soun^  which  favors  the  attainment  of 
uniform  conditions  witiiin  the  expanding  fluid.  The  combinatiem  of  large  supersaturations  and 
small  gradients  is  a  distinguishing  feature  of  fast  supercritical  expansions,  and  favors  the  formatioi 
of  smdl  and  uniform  particles.  KESS  is  relevant  whenever  a  supercritical  solvent  is  depressurized. 
For  exan^le,  if  a  supercritical  fuel  containing  dissolved  auteoxidation  or  pyrolysis  products  loses 
ca.  200  psL  in  a  no^e,  solids  will  be  formed  due  to  the  drop  in  the  carrier  fluid's  solvent  power. 
In  our  laboratory,  we  have  used  RESS  to  produce  polymer  particles  for  use  in  controlled  release 
plications  [9].  Other  groups  have  investigated  the  formation  of  ceramic  precursor  particles  by 
rapid  expansion  of  supercritical  water  [10].  Hgure  3  shows  bioerodible  polymer  microspheres 
formed  by  RESS  of  sprctitical  carbon  dioxide. 


o 
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Ryme  3:  Poly  (L-lactic  acid)  mkro^ilieres  obtained  by  npid  expansion  of  a  supercritical  solution  (RESS)  of  the 
polymer  in  70  wt%  CO2  -  30  wt%  CHCIF2 . 

In  SAS,  the  solid  of  interest  is  dissolved  in  a  liquid,  and  a  supercritical  fluid  having  low 
solvent  power  with  respea  to  the  solute,  but  miscible  with  the  liquid,  is  added  to  precipitate  the 
solid.  When  this  process  is  run  in  continuous  mode,  the  liquid  and  supercritical  phases  are  fed 
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CCTitimiously  into  a  precqntaior.  Small  droplets  are  sprayed  into  a  co-cuirently  flowing  ctmtinuum 
siqpercridcal  iriiase.  The  liquid  solvent  is  rapidly  Hashed  into  the  supercritical  phase,  and  ^ 
powders  resnlL  In  our  laboratory  we  have  used  the  SAS  concept  to  produce  biologically  active 
powders  of  insulin  .(ccmtrolled  release  applications)  [11],  and  aromatic  polyamide  (aramid) 
miciofibers  (heat  resistance,  high-modulus,  high  tensile  strength  applications)  [12].  Hgure  4 
shows  a  bun^  oi  aramid  fibm  Stained  by  SAS-piocessing  with  supetoitical  carbon  dioxide. 


Rgnre  4:  Anmid  fiber  handle  ohtaiiiedbv  anpacritical  and-soWent  (SAS)  contacting  of  a  solution  of  the  polymer  in 
dimethylsiilfoxide  with  supenzitical  caibon  dioxide. 


RESS  can  be  used  to  form  fine  particles  of  substances  that  are  soluble  in  a  supercritical 
solvent  SAS  is  used  for  sparingly  soluble  materials.  Together,  these  techniques  allow  the 
processing  of  a  wide  range  of  materials  into  solid  phases  with  extremely  useful  properties  and 
morphologies.  Possible  applications  include  ceramics,  inq>roved  controll^  drug  release  devices, 
and  high-pofmmance  polymeric  fibers. 
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SUMMARY/OVERVIEW 

Tlw  porjxjse  of  this  research  program  is  to  develop  a  fundamental  understanding  of  the  physical 
processes  that  occur  in  the  vicinity  of  hydrogen  arcjet  thruster  electrodes.  Our  present  research 
^gram  is  an  extension  of  past  efforts  that  employ  optical-based  arcjet  thruster  diagnostics, 
mviously,  we  have  used  laser-induced  fluorescence,  optical  emission  spectroscopy,  and 
absmptitm  spectroscopy,  to  measure  flowfield  properties  such  as  temperature  and  velocity,  sind  to 
characterize  nooiequilibrium  behavior  in  arcjet  pluTO  flows.  In  the  AFOSR  funded  program,  diese 
diagnostic  strategies  are  being  extended  to  interrogate  the  internal  arcjet  flow.  Togedier  with 
physical  models  of  arc  attachment,  diese  measurements  help  us  to  undmtand  the  toidamental 
behavior  of  die  near-electrode  regions  in  these  devices,  and  assist  in  identifying  the  necessary 
jdiysics  to  be  included  in  more  elaborate  models  of  overall  arcjet  thruster  perftxmance. 

TECHNICAL  DISCUSSION 

During  the  pest  several  years,  there  has  been  an  evolution  of  arcjet  technology  from  laboratory 
devices  to  fU^-qualified  har^are,  and  finally,  to  deployment  As  demands  are  made  for  higher 
arcjet  operatmg  power  and  higher  performance  (emciencies),  so  increases  the  need  to  better 
underst^  the  p^onnance  and  life-limiting  processes  such  as  cathode  erosion  and  anode  heat 
transfer  resulting  in  bodt  anode  erosion  and  the  flow  of  tungsten  at  the  throat  in  response  to  thermal 
stresses.  In  principle,  reliable  arcjet  models,  if  they  existed  could  be  used  determine  ^iproptiate 
arcjet  designs  for  extended  life  and  performance.  ^  pr^nt,  only  a  few  models  exist^’^,  and  the 
physics  that  enters  into  these  models  are  often  highly  simplified  in  order  to  render  the  numerical 
problem  tractable.  As  such,  many  of  the  features  responsible  for  heat  transfer  are  neglected,  in 
particular,  the  near-electrode  physics  which  above  all,  determines  cathode  and  anode  arc 
attachment  A  better  understanding  of  the  physical  processes  in  the  interior  of  arcjet  thrusters  wUl 
come  fiom  a  combination  of  measurements  of  internal  flow  properties  and  modeling.  It  is  our  aim 
in  diis  program  to  advance  tte  state  of  the  art  in  arcjet  diagnostics,  and  to  acquire  information  of  the 
near-electrode  regions  of  arejets  that  may  be  usi^  in  the  development  of  arcjet  performance 
models. 

Many  studies  have  been  conducted  to  investigate  arcjet  performance  under  different  operating 
conctitions,  electrical  configurations  and  geometries^.  However,  understanding  the  physical 
{accesses  governing  the  arcjet  o{)eration  requires  a  detailed  knowledge  of  the  plasma  properties 
everywhere  in  the  flow  field.  A  great  deal  of  research  has  been  conducted  to  measure  the  flow 
{no{)erties  in  the  plume  of  the  arcjet  thruster  using  several  optical  techniques  including  emission, 
absorption,  LIF,  and  Raman  s{>ectroscopy^^.  Much  less  is  known  about  the  plasma  pro|)erties 
within  the  core  and  nozzle  of  the  arcjet,  yet  it  is  here  where  the  plasma  behavior  controls  the  arcjet 
{)erformance. 

We  summarize  here  our  ongoing  research  into  the  determination  of  plasma  properties  in  the  near- 
cathode  region  of  the  hydrogen  arcjet,  and  in  the  expansion  nozzle  where  the  arc  attaches  in  the  so- 
called  "high  mode"  at  the  anode.  During  the  past  year,  we  have  studied  the  properties  of  the  near- 
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cathode  region  by  investigating  the  axially  radiated  emission  of  atomic  hydrogen  from  this  region. 
The  research  consists  of  both  a  numerical  prediction  and  the  experiment^  measurement  of  atomic 
hydrogen  axial  emission  line  and  continuum  spectra.  The  numerical  noodeling  has  demonstrated 
tte  promise  of  obtaining  plasma  properties  (electron  number  densities,  cathode  temperature,  and 
possibly  velocities)  within  the  dnoat  of  the  arcjet  by  optical  emission  measurements.  Experiments 
have  bMn  performed  on  both  1  kW  class  and  nominally  5  kW  class  hydrogen  arcjets.  The 
experiment^  results  have  been  compared  to  single-fluid  model  predictions.^  Ongoing  activities 
al^  include  an  extension  of  our  LIE  measurements  into  the  expansion  nozzle,  to  measure  electron 
number  densities,  tenqieratures,  and  velocities  in  the  vicinity  of  the  anode. 

The  numerical  calculations  to  simulate  the  axial  hydrogen  plasma  emission  consisted  of  an 
integration  of  the  radiative  transfer  equation  along  the  centerline  of  the  arcjet  from  the  cathode  tip  to 
the  exit  plane  and  beyond  into  the  plume  of  the  plasma.  The  spectral  emission  and  absorption 
coefficients  were  expressed  in  terms  of  the  excited  state  number  densities  and  a  lineshape  fimction 
for  each  transition.  The  linesha^  function  included  both  Stark  and  Doppler  broadening  and 
Doppler  shift  The  number  densities  were  calculated  from  a  ten-level  coUisional-radiative  model 
including  the  ion,  the  ground  state  atom  and  eight  excited  states.  Semi-empirical  rate  coefficients 
were  used  for  the  greatest  calculation  speed.  The  plasma  was  assumed  opticaUy  thin  for  all 
transitions  other  thm  Lyman  radiation,  which  was  assumed  frilly  trapped.  The  electrons  were 
assumed  to  have  a  Maxwellian  velocity  distribution.  A  stationary-state  ^proximation  was  used 
which  permitted  neglecting  the  convective  and  diffiisive  flux  of  excited  states  on  the  assunqition 
that  such  processes  are  slower  than  the  collisional  and  radiative  transitions  between  the  states.  This 
was  shown  to  be  the  case  under  the  conditions  of  the  plasma  within  the  arcjet.  Hence,  the 
distribution  of  excited  state  populations  could  be  determine  by  the  local  plasma  properties,  libese 
properties,  namely  pressure,  electron  and  atom  kinetic  temperatures,  dissociation  fraction,  and 
axi^  velocity,  were  entered  into  the  calculations  from  MHD  model  predictions^. 

A  sample  of  the  results  of  these  calculations  is  shown  in  Figure  1.  Here  the  spectral  intensity  of 
the  H(x  transition  has  been  integrated  from  the  cathode  (zs-0.4  mm)  to  the  arcjet  exit  plane,  z  s 

12.1  mm.  and  to  three  intermediate  positions  for  comparison.  The  plot  shows  that  the  largest 
contribution  to  the  emission  comes  from  the  itmer  ten  percent  of  the  arcjet,  that  is,  frrom  within  the 
arc  root  (immediately  adjacent  the  cathode).  The  extent  of  reabsorption  by  the  cooler  expansion 
flow  is  seen  to  be  about  20  percent  at  line  center.  However,  away  from  line  center,  the  plasma  is 
still  emitting.  Consequently  the  emission  linewidth  is  broadened  and  flattened  as  the  radiation 
passes  through  the  expansion  flow.  The  effect  of  the  Doppler  shift  is  seen  as  an  asymmetry  that  is 
most  pronounced  at  z  =  5  mm.  We  assume  that  the  Stark  shift  of  the  Hq  is  negligible  and  so  the 

absorption  dip  is  calculated  to  be  to  towards  longer  wavelengths  as  the  colder  gas  in  the  plume  is 
decelerated  on  centerline.  It  has  been  shown  that  there  is  little  change  in  the  spectrum  as  the 
radiation  passes  through  the  arcjet  plume.  Thus,  axial  line-of-sight  emission  measurements  are 
expected  to  yield  lineshapes  siniilar  to  those  at  the  arcjet  exit  plane.  An  important  feature  of  our 
modeling  studies  is  that  it  is  also  evident  that  the  continuum  emission  between  electronic  transition 
lines  is  dominated  by  gray-body  emission  from  the  cathode.  As  a  result,  a  complete  scan  of  the 
continuum  region  between  the  H^  and  Hp  transistions  afford  a  measurement  of  the  cathode 
temperature. 

Axial  emission  measurements  of  atomic  hydrogen  have  been  completed  on  both  a  1  kW  class  and  5 
kW  class  radiatively-cooled  laboratory-type  arcjet  thruster.  During  optical  alignment,  the  throat  of 
the  arcjet  is  magnified  and  imaged  onto  the  entrance  slit  of  a  0.5  m  Jarrell-Ash  monochromator  by 
the  optical  train.  The  intensity  is  treasured  with  a  photomultiplier  tube  and  recorded  on  a  personal 
computer.  Spatial  resolution  of  approximately  0. 1  mm  is  achieved  by  field  stopping  the  magnified 
image.  The  arcjets  are  either  mounted  on  a  translation  stage  which  allows  measurements  at 
different  radial  positions,  or,  in  the  case  of  the  5  kW  arcjet,  spatial  discrimination  is  obtained  by 
translating  the  collection  optics.  A  representative  set  of  data  for  the  5  kW  arcjet  is  illustrated  in 
Figure  2.  Here  we  plot  the  Hot  lineshapes  for  a  range  of  arcjet  specific  power.  In  this  figure,  we 
draw  your  attention  to  the  notable  increase  in  the  width  of  the  spectral  line.  This  reflects  an 


increase  in  the  electron  density.  Also,  we  iu>tB  that  the  absorpticm  feature  near  line  center  is  on  the 
0|^K)site  side  of  the  peak,  in  contrast  to  the  simulations  shown  in  Figure  1.  This  discrepancy  is 
attributed  to  an  anourous  staik  shift  associated  with  the  Balmer  series  transitions  not  accounted 
for  in  the  simulaticm. 

Hgure  3  summarizes  our  most  recent  results  for  the  arc  root  electron  density  variation  with  specific 
power.  Also  shown  in  this  figure  are  single-fluid  model  calculations  fiom  Olin  Aerospace  Co. 
Reasonable  agreement  between  model  pr^ctions  and  expnimental  measurements  ate  ^iparent 
Figure  4  is  a  rqxesentative  set  of  data  deleting  the  directional  spectral  intrasity  as  measured  over 
die  entire  visible  wavelength  region,  for  three  arejet  pow^  (mass  flow  rates  of  18.S  mg/s).  Also 
drawn  in  this  figure  is  tiie  predicted  cathode  gray  body  spectra  fix-  two  cafooefo  tenqieratures.  At 
low  specific  powers  (and  hence  lower  etectron  number  dnisities,  cathode  tenqxratures  close  to  the 
melting  point  of  tungstoi  accurately  reproduce  the  continuum  spectrum  in  the  SOO  -  650  nm  range. 
It  is  cleiff  however,  that  at  higher  specie  i»wers,  the  continuum  may  have  a  strong  contribution 
fiom  fiee-fiee  and  fiee-bound  election  transitions. 

Future  work  will  continue  to  focus  on  emission  bas^  measurements  for  internal  arejet  diagnostics. 
In  addition,  we  are  in  the  process  of  extending  our  laser-induced  fluorescence  and  spontaneous 
Raman  measurements  to  measure  flow  properties  in  the  expansion  nozzle. 
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Hg.  1.  Simulated  Axial  Emission  Evolution  Along  Aicjet  Centerline 


Fig.  2.  H(x  Axial  Emission  Line  Spectra  from  a  5  kW  Hydrogen  Aicjet  Thruster 
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1  Summary /Overview 

We  have  been  uang  analytical  tools,  computer  particle  in  cdl  (PIC)  shnulations, 
observations  made  during  active  experiments  in  space  and  av^ble  experimen¬ 
tal  data  to  characterize  the  ioaizaticm  mechanism  in  the  MPD  thruster.  An 
understanding  of  the  physics  of  ionization  in  plasma  thrusters  is  of  utmost  im¬ 
portance  since  ionizaticHi  losses  are  highly  irrecoverable  and  are  a  major  cause  of 
inefficiency  in  many  plasma  thrusters.  Using  ana^cal  took  we  show  that  the 
experimentally  measured  ionization  length  in  a  typical  MPD  thruster  is  at  least 
10  times  smaller  than  that  calculated  assuming  Mwwdlian  statistics  and  is  more 
consistent  with  distributions  having  suprathermal  tail  fractions  and  energies 
that  could  be  produced  by  plasma  microturbulence  (i.e.  anomalous  ionization). 
In  CMrder  to  study  this  complex  ionizaticm  mechanism  we  combine  advanced  PIC 
simulations  and  active  qwoe  experiments.  Active  space  experiments  are  id^ 
to  stage  plasma  interactions  involving  turbulence-driven  ionization,  sudi  as  the 
critical  ionization  vdodty  (CIV)  interaction,  which  can  be  monitcxed  and  studr 
ied  using  onboard  plasma  dia^Mstics.  We  have  staged  such  interactions  by 
performing  neutral  gas  releases  onboard  the  Russian  APEX  satellite.  We  an¬ 
alyze  recent  data  from  APEX  and  similar  rdeases  from  another  experiment 
called  ATLAS-1.  We  use  q)ecialized  PIC  simulations  to  interpret  these  releases 
in  order  to  gain  the  understanding  recjuired  to  develop  experimentally  verified 
ionization  models.  These  models  are  intended  to  be  included  in  state  of  the  art 
MPD  thruster  fluid  codes  to  improve  thdr  realism  and  accuracy. 

'Sdcatifie  CoUaboraton:  Hhieo  Okuda  Prineetim  Ptasma  Phytie*  Lab.,  Tonteo  Neubcrt  Spaet 
Phgnca  Lab.,  Uaio  afl/Hdiigan  Viktor  Oraevsky,  Vladimir  Dokukin  and  Alexander  Vok^tin  IZMI- 
RAN,  it«MM 
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2  Technical  Discussion 

Hie  leork  described  in  this  abetract  is  disciiaBed  in  more  detail  in  the  ficdlowing 
i^enooes:  [1,  2,  3, 4,  5] 

2.1  Background 

Ifloiaatkn  repweente  a  largely  irrecoverable  energy  ank  in  magnetoidasniady- 
namic  (MPD)  thrusters.  This  is  mostly  due  to  the  fact  that,  for  typical  tem¬ 
peratures  and  {Measures  of  most  {dasma  thrusters,  the  {dasma  flow  tluxju^  the 
diambw  is  essentially  “frosen”  with  ies|>eet  to  recombination.  Most  recently, 
(1992)  Randolph  et.  al.  reported  the  resi^  of  a  detailed  sfiectroecopic  study  of 
iooi8ation[4].  La  that  study,  the  ionisation  front  was  observed  and  its  thickness 
measured  at  a  few  millimeters  whidi  was  shown  to  be-l  to  3  orders  of  magnitude 
smaller  than  what  would  be  consistent  with  a  Maxwellian  electron  distribution. 

The  goals  of  our  study  are  to  investigate  the  fundamentals  of  anomalous 
kmizatkm  using  analytical  tools,  active  8{>aoe  eatyeriments  and  PIC  codes  to  de¬ 
velop  ex{)erimentally  verified  modds  and  to  include  the  resulting  models  in  state 
of  the  art  MPD  thruster  fluid  codes  mudt  like  we  did  fw  anomalous  resistivity 
end  heating  in  our  previous  APOSR-s{)onaored  work. 

2.2  Analytical  Work 

We  derived  a  prescription  far  the  election  energy  distribution  frmction  that 
allows  the  reixesentation  of  sufirathennal  dectrm  tails  such  as  those  produced 
by  the  nonlinear  ^ects  of  plasma  microturbulence.  The  details  of  our  derivation 
can  be  found  in  ref.  (7].  The  model  is  ^edifled  Ity  a  bulk  temiwrature  Tb,  a  tail 
fraction  p,  a  tail  energy  scaling  parameter  and  a  tail  q>iead  {wrameter.  Some 
sample  distribution  fimctions  wiA  tails  are  shown  in  Fig.  (1)  The  {>arametric 
cBstribution  function  was  combined  with  a  muha-levd  atomic  modd  of  argon 
and  used  to  calculate  the  reaction  rates  for  23  collisional  exdtaticm  transitions 
frmn  ground  state  by  dectron  impact  by  applying  a  high-accuraty  quadrature  on 
the  convolutkm  intq^ds  containing  the  ai>piopriate  croes-sectimis.  The  prime 
goal  was  tiie  study  of  the  i>arametric  de{>endendes  of  the  minimum  icmization 
characteristic  len^  (m  the  tail  {Mrameteis.  Calculations  are  o(an{>ared  with 
the  recent  measurements  of  the  dimensions  of  an  ionization  “boat”  observed  in 
a  low-power  MPD  thrusta  by  Randolph  et.  al.[6].  Figure  (2)  shows  results  from 
these  calculations  along  with  the  expoimental  bounds.  It  is  thus  dear  that  even 
under  the  most  favorable  omditirms,  Maxwdlian  dectrons  cannot  account  for 
the  smallness  of  It  is  also  dear  that  at  these  conditions,  tail  fractions  of  the 
wder  of  a  few  {)ercait  can  bring  down  Xi  in  the  millimeter  range  that  contains 
the  ex{>oimentally  measured  values. 

2.3  Insight  firom  Active  Space  Experiments 

Hie  use  of  active  space  experiments  to  gain  insight  into  anomalous  ionization 
has  been  described  in  the  abstract  of  last  }'ear’s  contractors  meeting.  We  have 
finished  the  devdopment  of  s|)edalized  software  to  decode  and  analv-^ teleme¬ 
try  data.  We  have  been  analyzing  {^article,  Add  and  wa'*?  data  reo:  mng 
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Figure  1:  Adopted  distribution  model  far  a  range  of  tail  fractions,  (i.  Other 
conditions  are  specified  in  ref.  [7]. 


active  neutral  gas  iryections  from  two  space  eicperiments.  The  first  is  called 
ATLAS-1  (conducted  from  the  space  shuttle  in  April  1992)  and  the  second  is 
APEX-CIV  conducted  from  the  Russian  satdlite  APEX  (tiw  instrumentation 
we  used  is  described  in  last  year’s  abstract).  While  results  from  APEX  axe 
currently  being  reduced,  we  have  rqiarted  our  results  on  ATLAS-1  to-date  in 
detafl  in  r^  [1, 3, 4, 5].  Results  from  both  experiments  will  be  presented  at  the 
contracUns  meeting.  In  brieL  ATLAS-1  yiei<M  wave,  optical,  and  paitide  evi¬ 
dence  of  strmg  ionizatirm  with  factor  of  60  enhancement  of  plasma  density  over 
that  of  the  ionoqiheric  badigtound.  Whether  this  ionizarion  can  be  attributed 
to  plasma  turbulence  is  a  question  being  explored  with  PIC  simulations. 

2.4  Results  fiK>m  PIC  simulati^^iius 

We  have  developed  a  two-and-one-half-dimensional  (two  positions  and  three  ve- 
lodties)  particle  simulation  model  in  order  to  study  the  neutral  gas  rdeases[2]. 
Hie  dec^ns  are  assumed  guiding  center  partides  while  the  full  dynamics  of 
the  ions  (with  real  masses)  ate  followed  in  time  and  space.  Various  ionization 
inooesses  of  the  neutral  gas  induding  charge  exdian^  and  dectron  impact  are 
included  by  means  of  the  Monte  Carlo  technique.  We  diowed  that  the  modd 
can  be  used  to  simulate  the  neutral  gas  interaction  with  the  ionosphere  up  to 
a  few  millisecond  using  realistic  experimental  parameters  within  a  reasonable 
cmnputing  time.  The  modd  was  applied  to  study  the  critical  ionization  vdodty 
(CIV)  tests  recently  conducted  as  part  of  the  Atlas-1  xenon  gas  rdeases  from  the 
the  qiace  shuttle.  The  amulation  results  show  how  suprathermal  dectrons  pro¬ 
duced  by  a  beam  instability  of  the  lower  hybrid  nu>de,  create,  through  dectron 
impact,  an  ion  population  that  exceeds  that  produced  by  classical  (thermal) 
means,  indicating  the  prevalence  of  a  turbulence-driven  (CIV-type)  ionization 
medianism. 
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Figure  2:  Calculated  minimum  values  of  Ai  as  a  fimctioo  of  the  tail  firactkm. 
E]q)erimental  values  from  rel  [6].  Other  conditions  are  q>ecified  in  ref.  [7]. 
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Summary 

The  primary  ot^eciive  oi  dus  leteaidi  piogiam  is  to  provide  measurements  of  key  phyrical  parameters  in 
arqetpttnnes.  Wbile  a  great  deal  of  dieoretical  and  nnmetical  work  has  been  done  in  the  area  of  arcjetoperatioo, 
diere  is  a  shortage  of  experimental  data  to  validaresndi  work.  Furdiennote,  tibere  are  aspects  of  aicjet  operation, 
such  as  firoeen-Arw  losses,  trtudi  me  not  convinctngly  exjdained  by  cnnent  theories.  Experimental  data  may 
provide  the  necessary  insiiht  to  enderstaDdsodi  processes.  Therdfore,  we  have  embarked  on  an  effort  to  produce 
comprehensive  measurements  ci  flow  density  and  velocity  and  election  temperatnre  and  densiqr  tfarooghoot  the 
art^  plume.  Measuraments  of  flow  vdoctQr  and  d  dection  properties  have  been  made,  and  ongoing  work  is 
dedicared  towards  meararing  heavy-partkle  deaaity. 


Tedmical  Dtocosskm 

In  order  to  properly  undentand  die  physics  d  art^  operation,  and  to  construct  and  verify  numerical 
models,  it  is  necessary  to  measure  experimentally  certain  physical  parameters  d  die  arqet  flow.  Ihe  current 
effort  at  use  is  aimed  m  measuring  four  inqxittaiit  parameters  in  die  arcjet  plume:  heavy  partide  number  density 
and  velocity  and  dection  immber  density  and  temperature.  The  ultimate  goal  is  to  produce  a  comptete  and 
accurate  m^  of  die  values  d  these  parameters  dtroagbout  tbc  plume. 

Our  original  |dan  was  to  use  poised  electron-beam  fluorescence  to  measure  neutral-particle  density, 
Thomson  scatterit^  for  dectron  density  and  tenaperatnre,  and  emission-r^le  velodmmiy  for  flow  velodty.  The 
poised  dection-beam  fluorescence  (FESF)  woric  is  currently  undorway,  and  initial  results  are  expected  shorty.  In 
the  interest  of  deteraiinmg  dmemsolved  electron  dasities  and  temperature,  a  triide  T-ungmntr  probe  technique 
was  em^oyed  tadier  dian  Ihomson  scanetii% .  FinaDy,  die  emissi<Mi-r^le  velodmetry  technique  was  expanded 
to  a  more  general  form,  called  current  modiilatioovelocimetiy(CMV).  The  initial  results  of  die  Langmuir  probe 
and  CMV  studies  were  presented  last  year  at  IEPC-93,  md  more  comprdiensive  results  are  now  availdile. 

1.  Pulsed  Electnui-Beani  Flmwesooice 

One  d  the  most  dififlcnlt  proUeass  in  understanding  the  physics  of  arejet  operation  is  determining  the 
density  of  various  atomic,  mdecular,  and  kmic  species  in  die  plume.  Convention^  diagnostic  techniques,  sudi  as 
laser-induced  fluorescence  and  emission  ^lectroscopy,  cannot  easily  provide  such  measurements,  and  widioot 
^ledes-qiecific  density  measutemmits  it  is  drCBcult  to  determine  tbe  magnitude  and  nature  of  frozen-flow  losses 
in  die  arejet  nozzle  flow.  Thus,  a  new  diagnostic  method  is  required. 

Electron-beam  fluoresoenoe  using  oontinooos,  low-current  beams  has  been  a  cemmon  tedmique  for 
several  decades,  and  is  capaUe  d  measuring  species-specifK  density.’  Electron  impact  with  particles  in  the  flow 
field  creates  exdted  states  whidi  radiate  at  various  waveleogdis.  Ibis  fluorescence  is  collected  and  analyzed. 
The  wavelength  of  die  fluorescence  rignal  is  a  function  of  tbe  electronic  configuration  of  tbe  radiating  particle. 
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and  is  dioefore  diffienst  for  eadi  ^edes.  Hie  iniBosity  die  fluoresceoce  at  a  particular  wavekagifa  is 
proportMoal  to  die  deosiQr  of  putides  of  tbe  ifipiopiiate  species  in  die  flow  fidd.  However,  it  is  Ihaiied  to 
extremely  rarefied  flows  due  to  problems  widi  beam  divcrgacc  and  coUistood  queodung. 

We  have  recently  esplaed  die  use  pulsed.  Ugb-cntrent  electron  beams  as  a  rarefied  flow  diagnostic 
tedini^ie.’  Hus  overcomes  bodi  objections  to  the  nse  of  dection-beam  fluorescence  at  higher  densities.  Hie 
high  current  density  cames  a  self-focusing  effect,  doe  to  the  creation  of  a  narrow  channel  of  positive  ions 
surrounded  by  a  sheadi  ot  scattered  dectrons,  and  die  short  pulse  length  allows  measurenmnt  of  peak  emission 
before  coUisioiial  effects  can  affect  die  results.  We  bdieve  that  die  use  of  pulsed  electron-beam  fluorescence 
(PEBF)  can  provide  the  qiedes-spedfic  density  measurements  needed  for  a  more  comidete  understanding  of 
art^  flow  physics. 

fo  order  to  verify  the  effectiveness  of  PEBF  in  this  replication,  a  series  of  measurements  will  be  taken  in 
the  idnine  of  a  1-kW  helium  arget  provided  hy  Aerospace  corporation,  similar  to  die  standard  NASA-Lewis 
design.  Hie  electron  beam  is  generated  by  a  peendoqiark  discharge,  produdng  a  beam  with  peak  currents  of 
hundreds  of  amps  and  a  poise  leogdi  of  tens  oi  nanoseconds.  Beam  diameter  at  die  test  area,  and  thus  the  qiatial 
resolution  of  the  tedmiqpe,  is  approximately  one  millimeter.  Hie  beam  will  be  generated  downstream  of  die 
arejet  and  introdneed  to  die  arqet  along  die  centerline,  and  die  coUectioo  optics  mounted  perpendicular  to  die 
aicjet  to  minimize  any  Doppler  shift  of  die  flnotesceuce  signaL  For  the  initial  tests,  die  flnotesronoe  signal  will 
be  detected  by  a  phot^nltipHer  tube,  with  nacrow-band  filters  excluding  all  but  the  501.7hm  Helium  line. 

Hie  flnatescaioe  signals  measared  daring  die  eiqierimeiit  will  be  normalized  by  dectroo-beam  current 
and  compared  to  calibration  benchmarks  obtained  by  passing  die  election  beam  throat  a  chamber  contaming  a 
static  gas  of  known  densi^  and  compotitioo,  nsing  die  same  coUectioo  optics  and  experimental  geometry. 
nreUminaty  calculations  suggest  diat  die  total  flooresoenoe  signal  in  tbe  probe  vofanne  in  the  10ns  period 
foUowing  excitation  will  be  approximatdy  6.0x10^  photons  for  a  local  number  density  of  10**  cm**.  Hiis  signal  is 
weU  above  die  eiqiected  backgroand.  and  occurs  at  a  timescale  smaU  amc^ared  widi  die  quendung  timescale  of 
300ns.  Hieoietical  calculations  also  confirm  diat  die  beam  wiU  self-focus  in  die  densi^  leghne  under 
consideration,  and  beam  divergence  or  attenoation  wiU  not  be  a  pioUem<**. 

Correndy,  the  poised  dectroo  gun  is  bang  tested  in  a  dedicated  test  and  caUbtation  facility.  Hus  allows 
us  to  determine  tins  proper  operating  parameters  (tfiscbaige  chamba  pressure  and  vdtage)  ttf  the  dectroo  gun,  and 
conduct  a  preliminary  calibration,  widuat  requiring  die  use  of  the  main  aicjet  diamber.  Hus  diamber,  consisting 
of  a  l.Sm  dianeter  vacuum  tank  widi  a  6,0(i0cfin  roots-stokes  pump  combinatioa,  is  being  oveduuded  to  allow 
unrestricted  argd  operation  and  diagnoatics,  induding  both  PEBF  and  thrust  stand  measmements. 

It  is  expected  diat  bodi  die  diamber  ovobaul  and  die  initial  electron  gnn  tests  wiU  be  conqileted  shotdy. 
At  this  ptnnt,  we  wiU  be  able  to  attach  die  electron  gun  to  die  main  test  diamber.  A  vacuum  isolation  s]rstem  wiU 
allow  die  gim  to  be  operated  unda  optimum  conditions  regardless  of  die  conditions  in  tbe  test  area,  a^  we  wiU 
then  proceed  to  coodua  a  final  calibration.  At  tins  point,  it  wUl  be  possible  to  measure  tbe  densigr  at  points  in  die 
plume,  with  the  ultimate  goal  (rf  making  a  comidae  density  nap.  Initial  measurements  wiU  be  made  only  for 
atomic  belhnn,  due  to  die  ease  of  calibtatioa 

Once  die  tedmique  is  verified,  more  comixebensive  measurements  will  be  taken.  Hiis  wUl  indnde 
observatkins  of  other  spedes  in  tbe  {dome,  as  weD  as  observation  of  1-kW  and  possibly  30-kW  hydrogen  and 
ammonia  aicjets.  Hie  tedmique  will  be  used  in  <x«jnDctioo  with  species-spedfic  velodmeiry  (Una-induced 
fluorescence  or  current  modulation  velodmeay)  to  olMain  (be  species-specific  momentum  flux. 


2.  Triple  Langmuir  Probe  Measurements 

At  die  Philip  Laboratory  site,  a  tiiide  Langmuir  probe*'*  was  used  to  measure  the  electron  temperature  and 
electron  doisity  during  die  PPU  switching  cyde.  Hie  technique  used  to  interpret  (he  triple  probe  results  and  the 
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exfdanaiioo  of  tr^  prebe  dieocy  is  prmcqiaUy  okeo  fiom  Tilley  et  aL*  The  ttipk  probe  technique  was  dtosen 
due  to  its  simplicity  ci  dma  redoaion  md  its  ability  to  instantaneously  follow  fluctuatioos  the  piasnui  properties 
in  the  atcjet  pfanne.  A  tr^  probe  consittt  ot  diree  Imigmok  probes  that  are  electrically  set  up  so  diat  no  voltage 
potential  sweqis  of  the  probes  ate  tequiied.  Since  carve  fitting  is  not  needed,  data  analysis  is  also  mudi  easier 
than  for  single  <x  douMe  probe  tecfaniqnes.  This  is  believed  to  be  the  first  use  of  a  tnple  probe  tm  an  atcjet;  in 
reference  4^  MPD  dtruster  plumes  woe  investigated. 

Shown  in  Figure  1  isaoQnq»rison(rfhowfooratC3et(^)eratingpatametersbdiaveasafinictiooof  time:  dectton 
temperature,  electron  density,  atcjet  current  modulatioo  and  dre  observed  plume  onission  rqifde  (tf  die  Ha  line. 
The  modulatkm  in  the  current  ddiveted  to  die  arget  causes  time-dqiendent  vsiations  in  other  operating 
parameters.  The  current  amplitude  varies  about  20%  ^p)  around  the  mean  value  of  8.2  amps  and  modulates 
with  the  rou  switdung  fiequency  of  16.6  kHz.  electron  tenqierature  is  observed  to  vary  over  a  20%  range 
about  die  mean  while  electron  densities  flncmate  about  7%  throughout  the  typical  modulation  cyde.  Note  that  die 
cutrertt  modulation,  electioo  temperature  and  plume  optical  signals  are  all  at  die  same  fiequency  and  almost  in 
phase.  A  time  delay  between  current  rqifde  and  both  die  observed  electioo  tenopermuie  and  plume  emisaon 
fluctuations,  adiich  were  observed  at  an  axial  location  2.S  cm  downstream  die  nozzle  exit,  is  to  be  expected. 
There  is  qiproximaiely  a  5.2  jJaec  delay  as  the  gas  is  convected  downstream  fiom  the  principal  arget  beating 
zone  just  in  fiontttf  the  cathode  tip.  The  dectroo  number  densi^,  aldioogh  also  strongly  correlated  with  current, 
is  180”  oat  of  [*»*«*  widi  die  electron  tenqierature.  However,  die  observed  {dome  emisskio  is  in  phase  with  the 
electron  fluctnatioos.  These  observatioiis  inqily  that  the  electron  temperature  drives  the  excited  state 

populatioos. 

3.  Quunber  and  FPU  Effects /Currait  Modulation  Vdodmetry 

In  our  previous  wodcf  a  velocity  diagnostic  called  emission  ripple  velocimetry  (ERV)  was  presented.  In  ERV, 
local  optical  nmuanm  Qscillatkins  are  observed  in  the  plume  vduch  are  a  result  of  current  modnlatkms  fiom  a  high 
fiequency  switdung  power  siqi^y.  Measurement  of  die  delay  of  the  emission  signal  with  reject  to  the  current 
waveform,  as  a  function  of  axial  position,  allowed  die  axial  flow  velocity  (averaged  over  the  distance  between  two 
successivt  observation  stations)  to  be  calculated. 

ERV,  as  htipiwiMMiiHri  in  reference  6,  had  two  disadvantages  which  limited  its  usefulness: 

1.  An  ERV  measurement  can  only  be  obtained  in  die  ^esmice  of  significant  high-fiequmicy  currait 
ripfde.  It  is  dms  inappropriaie  for  use  with,  e.g.,  traditiond  ballasted  wdding  power  supplies. 

2.  The  emisaon  signals  at  different  axial  stations  woe  obtained  at  different  times  (only  one  detector 
was  used).  Velocities  so  obtained  must  be  time-averaged  in  order  to  be  meaningful. 

We  developed  a  modificatum  to  the  ERV  technique,  which  we  caU  current  modulation  velocimetry  or  CMV, 
which  avc^  these  difficulties.  In  CMV,  ambimit  current  ripple  is  not  used.  Instead,  a  current  Sfuke  is 
superimposed  on  the  atcjet  current  The  oonsequrot  spike  in  emission  is  observed  simultaneously  at  two  axial 
locaticms  (using  two  detectors)  sqaraied  by  seve^  miltoeters.  The  current  ^ike  and  the  emission  qiikes  ate  all 
of  duration  a  few  microseconds.  The  time  dday  between  the  onission  spikes  at  the  two  locations  can  be  resolved 
to  about  one  nanoseccmd,  leading  to  a  velocity  measuremrot  whose  accuracy  is  in  the  range  30-60  m/s  fix'  plume 
velocities  of  order  5-10  km/s;  diis  accuracy  is  ooutyarable  to  those  of  recent  CW-LIF  results.^'* 

Note  diat  the  velocity  measurements  obtained  with  CMV,  while  stiU  position-averaged  over  die  (ktector 
separation  (here,  329±O.05  mm),  are  instantaneous.  We  know  of  no  other  plume  velocimetry  technique  which 
has  this  property.  LEF  measurements,  for  examine,  detmmioe  the  absorption  linesluqie  by  scarming  in  laser 
waveleagdi,  whi^  takes  a  mwiimiim  of  several  seamds  to  determine  a  velocity.  In  princiide,  a  Doppler-shifted 
emission  linesh^  could  be  recorded  instantaneously  by  a  spectrograph  and  a  gated  imaging  detector,  but  we 
know  of  no  phune  measurements  in  whidi  Doppla  shifts  have  been  so  measured. 

Using  the  current  modulation  velocimetry  technique,  arget  plume  velocity  measurements  wne  taken  alcmg  the 
centeriine  as  a  functitm  of  background  pressure.  Velocity  measurements  for  the  lowest  three  pressure  levels  are 
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very  sunilar  betweeo  die  nozzle  exit  and  two  cm  downstream.  At  this  location,  velodoes  for  die  40  mTocr  level 
remain  constant  or  evoi  are  observed  to  rise  slightly  while  vdodties  for  ISO  and  300  mToir  can  be  seen  to 
decrease  oat  to  3.5  cm  downstream.  Velocity  ni««nn»m«»nts  for  1 J  Toir  chamber  ptessnre  are  substantially 
lower  than  for  the  other  backgroand  pressures  xsted.  As  eiqiected,  the  800  mTorr  velocity  cntve  foils  between  the 
high  pressure  level  and  die  diree  lower  pressure  levels. 

The  trend  for  all  die  curves  in  Hgnre  2.  for  axial  velocity  to  decrease  with  distance  from  die  nozzle,  is  oonsistem 
with  the  measorements  of  Liebeskind  et  aL^ 

Hgnre  3  presents  the  same  data  as  Figure  2,  for  the  lowest  and  highest  pressure.  Eiror  bars  are  shown  which 
leiuesent  one  standard  deviadon  of  ten  velocity  measurements  taken  at  separate  times.  We  see  that  die  plume 
velocity  is  not  constant,  but  flnctnates  by  several  percent  oi  more. 
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Introduction 

In  die  past  year,  the  number  of  technical  pqiers  repotting  research  on  die  aU-caibtm 
molecules  known  as  the  fuUetenes  has  cootuuied  to  increase  drastically.  Knowledge  of  die 
chemical  and  jdiysical  prcqierties  of  fiilleienes,  especially  C60>  is  growing.  In  ^  time, 
our  research  on  the  use  of  Cso  molecules  as  a  propellant  for  ion  prc^ulsion  has 
progressed.  While  we  have  ccmtinued  our  investigations  of  electron  impact  induced 
behavior  of  fuUetenes  such  as  ionizadon,  excitadm  and  emission,  our  studies  of  C50 
plasma  discharge  phenomena  have  received  mote  attention. 


Program  Objectives  and  Accomplishments 

Discharge  Qiamher  Eimeriments 

We  have  successfiiUy  sustained  a  CG0fC^Q  plasma  in  a  filament  cathode  graphite  waU 
discharge  chamber  for  45  minutes  with  a  discharge  voltage  as  low  as  22  V.  The  ion  beam 
extracted  fiom  diis  discharge  was  characterized  with  a  crossed  electric  and  magnetic  field 
(EXB)  probe.  The  tesoluticm  of  this  probe  at  high  mass-to-charge  ratios  was  not  hig^ 
miough  to  discern  fuUerene  fragments,  though  C2  and  C4  fragments  were  not  observel 
However,  significant  km  peaks  canesptmding  to  either  CO,  a  known  oxidatitm  product  of 
or  N2  ate  present,  as  weU  as  a  peak  correspcmding  to  C!02.  Ihe  background  gas  peak 
intensities  decrease  over  the  course  of  die  eiqmiments. 

Filament  erositm  continued  to  be  a  severe  problem.  Ifence,  we  have  ctmstmcted  a  quartz 
waUed  RF  discharge  chamber  for  further  experimmits.  The  RF  discharge  chamber  has  been 
operated  with  Argon  gas  in  initial  experiments.  The  discharge  chamber  is  not  cooled,  and 
wiU  attain  a  waU  temperature  of  qiproximately  400  without  additional  heating  elements. 
Because  of  the  lack  of  carbide-fonning  elecnodes  and  quartz  walls,  we  anticipate  greater 
ease  in  sustaining  a  Qo  plasma  with  this  apparatus.  Takegahara  and  Nakayama  (1993) 
have  prepared  a  Cfio  plasma  by  this  technique. 

An  automated  data  acquisition  system  has  been  installed  for  long  duration  experiments.  It 
simultaneously  monitors  beam  current  and  voltage,  discharge  chamber  and  effusive  cell 
temperatures,  flow  rate,  and  diagnostic  probes.  A  residual  gas  analyzer  has  also  been  added 
to  the  system  to  monitor  background  gas  levels.  The  RGA  resolves  ion  mass  up  to  100 
amu. 
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Mass  flow  rate  measinemaits  of  follereae  into  the  discharge  chamber  woe  attempted 
unsuccessfiilly  by  measuring  capacitance  changes  of  the  effusive  cell  as  the  fiillereoes 
effused.Thecapacitancechangeduetotfaennaleffects  were  of  the  same  oeder  of  magnitude 
as  die  change  due  to  loss  of  the  Qo  dielectric.  We  have  since  obtained  a  quartz  crystal 
mirmhaiance  to  pcifonn  cafibcated  mass  flow  measurements. 

We  have  obtained  an  infrared  spectityhotometer  which  we  intend  to  use  for  ion  beam 
analysis.  The  instiumeat  is  seasidve  in  the  4000  to  600  cm*^  range.  Modifications  to  die 
EXB  probe  are  also  being  made  to  improve  lesolntkm  in  the  mass  range. 


In  wMiripn  to  eiosioa  of  the  cadiode  filanumt,  a  large  quantity  of  ttdumie-instduble  material 
was  found  to  remain  in  the  effusive  cell  after  Itmg  duration,  hi£^  tempmature  runs.  It  was 
found  that  this  material  was  amorphous  carbon  thought  to  be  formed  as  a  result  of 
reactions  with  entrapped  water  and  solvents.  However,  annealing  of  samples  prior  to 
sublimation  did  not  inhibit  die  fidletene  breakdown.  Annealing  was  performed  at  200 
for  12  hours  prior  to  operation  of  the  discharge.  Ifowever,  some  reports  (Milliken  et  aL, 
1991)  state  that  toluene  contaminatitm  of  fiilksene  samples  was  present  up  to  tmnperatures 
of 600*0 


ffigfa  Temperature  StahiKtv  and  Material  CnmnalibiKtv  Ttssts 


Between  600  and  700  *C,  little  disintegration  of  die  fullmene  material  is  observed. 
However,  above  800  *C,  die  fragmentation  becomes  quite  pronounced  (Sundar  et  al., 
1992).  Such  temperatures  are  necessary  fOT  high  prt^llant  flow  rates.  Other  reports 
indicate  that  C^O  should  remain  stable  at  much  hi^ier  temperatures  than  dmse  used  in  our 
e^qierimmits  (Zhang  et  al.,  1993  and  Baum  et  aL,  1992).  We  have  started  conducting 
experiments  of  thermal  disintegratitm  of  fuUerenes.  Measured  quantities  of  fiillerene 
powder  are  placed  in  quartz  tubes,  and  heated  under  Helium  flow  to  250  *C  for  24  hours. 
The  tubes  ate  tbm  vacuum  seated  and  placed  in  a  tube  furnace  for  various  durations.  After 
removal  from  the  furnace,  solvent  is  added  to  each  tube  and  concentratitMi  of  soluble 
material  measured  with  FTIR  spectroscopy.  Because  fiillerene  crystals  may  trq>  impurities 
via  "clathiate  type"  intercalation  (Kamaras  et  aL,  1993),  the  tests  are  also  being  conducted 
by  vacuum  depositicm  of  fiiltetene  film  into  the  quartz  tubes.  Furthermore,  the  effect  of 
various  materials  aa  fiilletene  decomposition  is  being  investigated  by  the  addition  of 
samples  to  the  tubes. 


IRSi 


yrfFflttffrpflgs 


The  first  publications  showing  IR  absorption  spectra  of  Qo  (Kratschmer  et  al.,  1990  and 
Kamaras  et  aL,  1993)  showed,  in  additicm  to  the  four  main  dipole  peaks  theoretically 
predicted,  a  moderate  intensity  peak  in  the  region  where  CO2  twin  features  are  typically 
observed.  Indeed,  these  features  which  tqipear  at  2349  cm*l  and  2328  cm*l  were  attributed 
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to  CO2  adsorbed  by  the  fiilleiene.  However,  the  peaks  axe  shifted  and  their  relative 
intensities  switched  from  c(»nmonly  observed  CO2  contamination  features. 

To  investigate  tins  discrepancy,  we  peifonned  diffuse  reflectance  fouiier  transform  infrared 
spectroscopy  on  fuUeiene  samples  prepared  by  tiiree  separate  techniques:  films  fonned  m 
]^r  by  vacuum  evaporation,  freshly  fonned  friUerene  containing  soot  transported  witii 
ascerite  (a  CO2  absorber),  and  purified  €50  obtained  from  MER  corporation  dissolved  in 
CS2*  Though  each  of  the  sample  should  have  been  free  of  CO2  contamination,  the  twin 
peaks  were  present  in  all  three  spectra  with  the  same  relative  intensity.  Therefore,  we 
believed  that  the  features  were  (foe  to  eitl^  combination  modes  or  vibrational  mcxles 
allowed  by  the  presence  of  isotope. 

Several  papers  have  since  been  published  (Chase,  et  al.,  1992,  Wang  et  al.,  1993)  which 
show  Qo's  veiy  rich  vibrational  spectrum.  Theoretically  predicted  mcxles  are  assigned  to 
each  observed  peak,  including  those  originally  attributed  to  €02-  However,  these  peak 
assignments  have  not  yet  been  confirmed  by  analysis  of  isotopically  enriched  or 
isoiopically  pure  fuUerenes.  We  have  attempted  formation  of  pure  full^nes  by  laser 

vaporization  techniques,  but  found  no  toluene  extractable  material  in  the  s(x>t. 
Subsequently,  we  attempted  to  form  isofopically  enriched  full»enes  by  the  arc  methcxL 
Hollow  graphite  rods  were  packed  with  amorphous  powder  mixed  with  a  carbon 
binder.  Though  fiillerenes  were  produced  frtnn  these  rods,  no  peak  shifting  or  growth  was 
observed  in  the  spectrum.  We  believe  that  only  the  graphite  portions  of  the  rod  actually 
vtqxnized  and  contributed  to  fullerene  formation.  We  are  continuing  our  attempts  at 
ptoducmg  isotopically  pure  fullerenes  by  compressing  amorphous  carbon  powder  at  high 
temperatures  to  form  rods  for  arc  method  fullmene  production.  This  technique  has  been 
siuxessfuUy  employed  (Kratschmer,  Fostiropoulos,  and  Huffraan,  1990)  to  demonstrate 
peak  shift  of  the  four  main  dipole  peaks  of  C60- 

We  also  obtained  99.97%  pure  C70  from  Term  Ltd.  to  examine  its  vibrational  structure  and 
to  have  a  standard  for  comparison  with  the  Cgo  samples.  In  this  way,  C70  impurities 
contributing  to  the  IR  spectra  of  tiie  samples  could  be  detected 


Luminescence  of  Gas  Phase  Cm 

Experiments  performed  to  determine  UV  and  visible  luminescence  from  gas  phase 
fullerenes  subjected  to  electron  impact  were  performed  It  ha:  mce  been  determined  that 
the  emission  features  observed  in  these  experiments  resulted  from  water  and  its  assextiated 
fragments,  again  indicating  the  tendency  of  €50  to  trap  water  upon  crystallization.  In  fact, 
no  emissiem  features  in  the  UV  or  visible  spectrum  can  be  attributed  to  from  these 
investigations. 
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SUMMARY/OVERVIEW: 

In  order  to  confidently  integrate  advanced  plasma  thrusters  on  future  spacecraft,  it  is 
vitally  important  to  assess  their  backflow  contamination  potential.  Currently,  there  is  no 
accurate  predictive  capability  to  determine  the  impact  of  plasma  thruster-spacecraft 
interactions.  We  employ  the  hybrid  electrostatic  plasma  pardcle-in-cell  (PIC)  method  to 
simulate  the  transport  of  low  energy  ions  that  are  transported  from  the  plume  into  the 
backflow  re^on  around  a  spacecraft  Due  to  the  large-scale  nature  of  the  problem,  we 
are  harnessing  state-of-the-art  parallel  computers,  and  are  able  to  ma^  backflow 
predictions  over  3-dimensional  re^tic  spacecraft 
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Steven  Taylor 
CalTech 

Department  of  Computer  Science 
TECHNICAL  DISCUSSION: 

With  renewed  interest  in  electric  propulsion  for  a  number  of  planned  missions,  as 
well  as  station  keeping  applications  for  geostationary  communication  satellites,  the 
important  issues  of  spacecraft  contamination  are  receiving  increased  attention.  For 
example,  in  ion  thruster  plumes,  a  low-energy  plasma  is  created  by  charge-exchange 
processes,  and  can  expand  around  a  spacecraft  leading  to  a  current  drain  on  high  voltage 
surfaces.  The  enhanced  plasma  density  can  also  lead  to  attenuation  and  reaction  of 
electromagnetic  wave  transmission  and  reception.  In  addition,  many  thrusters  emit  heavy 
metal  species,  both  charged  and  uncharged,  due  to  erosion  which  can  easily  adhere  to 
spacecraft  surfaces.  It  is  vitally  important  to  understand  and  predict  the  backflow 
transport  of  these  species  from  the  plume  onto  a  spacecraft.  Thus,  a  clear  understanding 
of  the  plumes  of  electric  propulsion  thrusters  and  die  transport  of  contaminating  effluents 
in  them  is  necessary.  Backflow  contamination  can  lead  to  sputtering  and  effluent 
deposition  that  can  affect  such  aspects  of  the  spacecraft  as  solar  arrays,  thermal  control 
surfaces,  optical  sensors,  communications,  science  instrumentation,  general  structural 
properties  of  materials,  and  spacecraft  charging.  This  is  illustrated  in  Fig.  1 

We  are  currently  developing  a  numerical  model  of  an  ion  thruster  plume.  We  have 
chosen  ion  thrusters  due  to  their  maturity  and  the  relatively  large  data  base  with  which  to 
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compare  our  results  with.  One  issue  associated  with  ion  thrusters  is  that  complete 
ionization  can  not  be  achieved  with  reasonable  levels  of  power,  and  hence,  neutral  gas  is 
emitted  at  thermal  speeds.  We  are  interested  in  these  slow  neutrals  because  they  charge- 
exchange  with  the  fast  beam  ions  producing  fast  neutrals  and  slow  ions  which  can  be 
influenced  by  local  electric  fields  in  the  plume.  The  electric  field  structure  in  the  plume, 
as  semi  in  experiments^  and  in  computational  models^,  is  radial,  and  hence  the  slow  ions 
are  pushed  out  of  the  beam  and  move  back  towards  the  spacecraft  The  plasma  particle- 
in-<^l  (PIC)  technique  is  applied  to  the  slow  charge-exchange  (CEX)  ions  produced  in 
the  betm  and  their  transport  in  the  region  exterior  to  the  beam.  These  CEX  ions  are 
transported  into  the  bac^ow  region  and  can  present  a  contamination  hazard  for  the 
spacecraft.  The  self-consistent  electrostatic  potential  is  determined  by  solving  Poisson’s 
equation  over  the  entire  computational  domain. 

Historically,  PIC  techniques  have  been  applied  to  small-scale  problems.  However, 
we  ate  harnessing  the  power  of  massively  pardlel  computers,  like  the  Intel  Touchstone 
Delta,  and  have  developed  a  fully  three-dimensional  PIC  code  that  can  simulate  the 
backflow  over  an  entire  realistic  spacecraft  -  a  feat  never  before  attempted.  Our  goal  is  to 
gain  insight  into  the  contamination  process,  and  to  accurately  provide  estimates  of 
contaminating  fluxes  so  that  spacecraft  designers  can  integrate  electric  propulsion 
thrusters  unto  spacecraft  with  a  much  higher  level  of  confidence.  As  an  example,  in  Fig  2 
we  show  the  nondimensional  backflow  current  for  an  ion  engine  as  a  function  of  the  ion 
beam  current  This  figure  shows  that  the  backflow  is  typically  a  few  percent  of  the  beam 
current  Note  however  that  for  6  Amperes  of  ion  beam  current  this  is  a  backflow  of  10^^ 
particles/sec.  For  a  molecular  diameter  of  a  few  Angstroms,  Aen  this  backflow  flux  can 
cover  areas  of  fractions  of  a  square  meter  with  monolayers  of  propellant  and 
contaminants.  We  also  see  that  the  scaling  of  the  nondimension^  backflow  current  is  not 
linear  as  might  be  expected  based  on  the  scaling  of  the  charge  exchange  source  term.  This 
is  because  of  the  focusing  effect  of  the  potential  as  the  current  increases. 


1)  Carruth,  M.R.,  A  Review  of  Studies  on  Ion  Thruster  Beam  and  Charge-Exchange 
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Orleans,  LA,  Nov.  1982. 

2)  Samanta  Roy,  R.I.  et  al.  Modelling  of  Ion  Thruster  Plume  Contamination,  lEPC  93- 
142, 23rd  International  Electric  Propulsion  Conference,  Seattle,  WA  SepL  1993. 
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Fig.  1  Schematic  of  ion  thruster  spacecraft  interactions 
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INTRODUCTION 

Electrostatic  thrusters  require  propellants  with  high  atomic  or 
molecular  mass  and  low  ionization  potential.  A  fullerene  (Ceo)  has  these 
and  other  important  attributes  which  make  it  ideally  suited  to  replace 
xenon  (Xe)  as  the  preferred  ion  thruster  propellant.  Fullerenes  are 
recently  discovered  carbon  molecules  that  in  their  atomic  arrangement 
resemble  the  geodesic  dome  designed  by  Buckminster  Fuller.  A  C6  0 
fullerene  ion  thruster  has  the  potential  to  achieve  unprecedented  perfor¬ 
mance.  It  could  deliver  up  to  30  times  larger  thrust  density  than  Xe  fueled 
thruster  while  simultaneously  reducing  the  relative  losses  by  a  factor  up  to 
5.5.  This  makes  it  suitable  for  current  ion  thruster  missions  as  well  as 
future  multimegawatt  interplanetary  missions  where  it  would  function  as 
the  main  thruster. 

During  the  initial  stage  of  the  program  (Phase  I  SBIR),  the  basic 
feasibility  issues  were  addressed.  This  included  experiments  in  vapor 
generation  and  control,  electrode  poisoning,  fragmentation  of  Ceo  upon 
ionization  and  acceleration.  A  schematic  of  the  apparatus  is  shown  in 
Fig.  1.  It  was  shown  that  fullerene  vapor  mass  flow  can  be  controlled, 
discharged  in  pure  fullerene  vapor  was  demonstrated  and  that  €5  0 
fragmentation  occurred  only  in  overheated  locations  that  experienced 
temperatures  exceeding  800'’ C.^  This  proved  the  basic  feasibility  of  the 
fullerene  ion  thruster. 


*  Performed  under  an  SBIR  Phase  11  Contract  No.  F49620-94-C-0006 

**  Prof.  Manuel  Martinez-Sanchez  of  MIT  and  Dr.  Don  Lorents  of  SRI  consulted  in 
electrostatic  propulsion  and  fullerene  science,  respectively. 

1  V.  Hruby,  et  al.,  "A  High  Thrust  Density,  Ceo  Cluster,  Ion  Thruster,"  25th  AIAA 
Plasmadynamics  and  Lasers  Conference,  Paper  No.  94-2466,  June  1994. 
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The  greatest  difficulty  was  encountered  with  the  cathodes  which 
were  made  of  spiraled  2%  thoriated  tungsten  wire.  The  cathodes  were 
bombarded  and  coated  by  fullerene  ions  which  degenerated  into  graphite 
cutting  down  on  emission  while  shortening  the  cathode  life.  Similar 
problems  are  anticipated  with  hollow  cathodes  operating  on  €50  *  Thus, 
cathode  investigation  and  alternative  methods  of  fullerene  ionization 
(e.g.,  electron  cyclotron  resonance)  are  the  initial  subjects  of  investigation 
in  the  current  Phase  II  SBIR  effort  that  was  recently  started. 


PROGRAM  OBJECTIVES 

The  overall  Phase  II  program  objective  is  to  develop  and  construct  a 
laboratory  fullerene  fueled  ion  thruster  and  perform  experiments  to 
explore  its  performance.  The  work  is  focused  on  cathodes  and  fullerene 
discharge  phenomena  and  identification  of  preferred  fullerene  ionization 
methods. 


CURRENT  STATUS 

The  following  work  was  accomplished  since  the  initiation  of  Phase  II 
work  four  months  ago. 

1)  Hollow  cathode  to  operate  on  fullerenes,  xenon  and  argon  with 
replaceable  orifice  has  been  designed  and  is  being  procured. 
Assuming  that  fullerene  fed  hollow  cathode  is  not  feasible, 
several  alternatives  are  being  investigated. 

a)  Operating  the  hollow  cathode  on  Xe  (or  Ar)  at  minimal  mass 
flow. 

b)  Assessing  the  effect  of  mixed  Xe/C60  flow  on  the  discharge  and 
on  the  grid  erosion  which  must  necessarily  be  designed  for  C60 
mass  over  charge  ratio. 

c)  Investigation  of  alternative  electron  sources  for  electron 
bombardment  ionization  of  fullerenes. 

d)  Investigation  of  electron  cyclotron  resonance  (ECR)  fullerene 
ionization  as  an  alternative  to  electron  bombardment. 
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LASER  FLUORESCENCE  DIAGNOSTICS  FOR  ARCJET  THRUSTERS 

AFOSR  Grant  No.  AFOSR-91-0200 
Principal  Investigator  Dennis  Keefer 


The  Universily  of  Tenn^see  Space  Institute 
B.  H.  Goethert  Parkway 
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SUMMARY/OVERVIEW: 

A  multiplexed  laser  induced  fluorescence  (LIF)  method  is  being  used  to  provide 
accurate  measurements  of  velocity  and  ten^}erature  in  the  exhaust  flow  of  small  arcjets. 
The  narrow  linewidth  of  a  single  frequency  stabilized  ring  dye  laser  is  used  to  measure 
the  velocity  distribution  function  of  an  excited  state  in  the  flow,  which  then  determines 
the  velocity  and  tenqwrature.  The  laser  beam  is  divided,  then  each  beam  is  modulated 
at  a  different  diopper  frequency  and  recombined  at  an  angle  to  provide  a  point  measure¬ 
ment  of  two  vector  components  of  the  flow  velocity.  Neutral  excited  state  species  of 
argon,  Itydrogen  and  nitrogen  have  been  used  to  provide  measurements  near  the  exit 
plane  of  an  argon  arqet  and  an  arqet  operated  with  simulated  ammonia  and  hydrazine 
propellants.  These  flowfield  measurements  have  been  compared  with  predictions  from 
the  UTSI  numerical  arqet  code.  The  measured  velocity  was  larger  than  predicted  for 
the  Itydrogen-nitrogen  propellants  and  showed  a  velocity  separation  between  the 
Itydrogen  and  nitrogen  constituents.  A  new,  nonequilibrium,  two-tenoqperature  plasma 
model  has  been  incorporated  into  the  UTSI  code.  Detailed  comparisons  with  the  LIF 
measurements  will  also  require  a  computation  of  the  plume  expansion  region  down¬ 
stream  of  the  nozzle  exit 

TECHNICAL  DISCUSSION 

A  multiplexed  OF  diagnostic  method  was  developed  to  provide  accurate  measure¬ 
ments  of  the  velocity  distribution  function  of  an  excited  atomic  state  in  an  arqet  exhaust 
plume.  Point  measurements  of  two  velocity  conqx>nents  are  obtained  simultaneously 
using  a  multiplex  method.  The  beam  from  a  frequency  stabilized  (Coherent  699-21)  dye 
laser  is  ^lit  into  two  parallel  beams,  each  of  which  is  modulated  at  a  different  chopper 
frequency.  The  modulated  beams  are  crossed  at  an  angle  to  provide  a  measurement 
vohune  which  sanq>les  two  vector  conq)onents  of  the  velocity  distribution  function 
simultaneously.  An  absolute  frequency  reference  is  determined  at  the  same  time  using 
the  q;rtogaIvanic  effect  from  the  same  atomic  transition  in  a  hollow  cathode  lamp.  The 
narrow  linewidth  of  the  laser  (approx.  500  kU^)  provides  an  ultimate  precision  of 
£q>pro!xiniate]y  1  m/s. 
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Extensive  flowfield  measurements  were  made  in  the  exhaust  flow  of  a  small 
water-cooled  arcjet  operated  with  argon  propellant  to  demonstrate  the  measurement 
technique  [1].  We  have  now  extended  this  method  to  excited  states  of  hydrogen  and 
nitrogen  q)ecies,  and  made  measurements  on  a  NASA  1  kW  arcjet  using  simulated 
ammonia  and  hydrazine  propellants. 

Experimental  tests  on  our  arqet  were  conducted  at  NASA  Lewis  Research  Center 
to  establish  to  determine  thrust  and  efficiency  for  comparison  with  the  code  predictions. 
High  resolution  emission  spectra  were  recorded  for  the  hydrogen-nitrogen  arcjet  to 
determine  the  diemical  species  present  in  the  exhaust  flow  and  provide  an  independent 
estimate  of  the  temperature.  These  spectra  were  used  to  identify  candidate  excited 
nitrogen  species  to  use  in  the  LIF  measurements.  The  Balmer  adpha  line  of  hydrogen  is 
the  only  practical  choice  in  hydrogen. 

Large  LDF  signals  could  be  obtained  in  the  original  e3q)eriments  with  argon,  but 
the  signals  available  from  l^drogen  and  nitrogen  were  much  weaker.  To  improve  the 
signal-to-noise  ratio,  we  moved  the  detector  outeide  the  chamber  where  a  photomulti¬ 
plier  tube  could  easily  be  used.  The  signal  was  collected  with  a  cassegrain  telescope  and 
passed  through  a  1.2S  m  monochrometer  to  provide  wavelength  filtering.  Using  t^ 
detection  system  it  was  possible  to  use  different  excitation  and  detection  wavelengths 
with  nitrogen  to  eliminate  the  problem  of  laser  radiation  scattered  from  optical  elements 
and  the  arqet  nozzle. 

The  tunable  dye  laser  used  for  these  e}q)eriments  has  a  maYimnm  scan  width  of  30 
GHz.  This  is  comparable  to  the  doppler  width  of  the  H-alpha  line  in  arqet  flows  and 
makes  it  difficult  to  accurately  measure  the  shift  and  broadening  of  the  several  fine 
structure  conqmnents  of  this  line.  The  line  width  of  nitrogen  is  smaller  because  of  its 
larger  mass  and,  therefore,  it  provides  a  better  diagnostic.  The  3s^P  -  3p*S°  transition  of 
nitrogen  at  a  wavelength  of  746.83  nm  was  exdted  by  the  laser,  and  the  fluorescence 
emission  at  a  wavelength  of  74423  nm  was  used  for  detection  to  eliminate  problems 
associated  with  laser  scattering.  A  typical  measured  doppler  profile  for  both  the 
perpendicular  and  angled  beam  is  shown  in  Figure  1,  together  with  the  optogalvanic 
reference  signal  from  a  specialfy  constructed  hollow  cathode  lamp. 

Axial  and  radial  velocity  profiles  obtained  using  both  hydrogen  and  nitrogen 
atoms  are  shown  in  Figure  2,  together  with  the  predictions  from  the  UTSl  equilibrium 
code.  The  axial  velocity  of  the  nitrogen  is  larger  than  the  Itydrogen,  and  both  are  larger 
than  the  code  predictions.  The  radial  velocity  of  hydrogen  is  larger  than  nitrogen,  which 
agrees  reasom^fy  well  with  the  code  predictions.  These  data  were  taken  approximately 
1  mm  downstream  of  the  nozzle  exit,  and  demonstrate  the  effects  of  the  free-jet  expan¬ 
sion  past  the  nozzle,  which  is  not  modeled  by  the  code. 

Since  the  chamber  pressure  in  these  experiments  was  approximately  1  Torr,  these 
data  suggest  that  it  may  be  necessary  in  a  comprehensive  arqet  code  to  model  velocity 
separation  of  Itydrogen  and  nitrogen  species  during  nozzle  expansion. 

The  UTSI  code  [2],  developed  under  the  sponsorship  of  NASA/LeRC,  has  now 
been  modified  to  include  finite  rate  chemistry,  species  difflision  and  separate  energy 
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equatioiK  for  the  electrons  and  heavy  particles.  Current^,  the  code  uses  only  hydrogen 
fOT  the  pn^Uant  and  has  four  ^>ecies:  molecular  l^drogen,  atomic  hydrogen,  positive 
Iqrdrogen  ions  amd  electrons.  There  are  several  possible  clmioes  for  the  two  energy 
equations  used  to  determine  the  electron  and  h^vy  partide  temperatures.  We  diose  to 
use  the  electron  energy  equation  and  a  separate  equation  for  the  static  energy  of  the 
mixture  of  electrons  and  heavy  spedes. 

Chemical  rate  coeffidents,  with  one  excq>tion,  were  taken  from  the  work  of 
McCay  [3].  This  exception  is  the  rate  of  ionization  of  H  atom  by  electrons  which  was 
cadculat^  from  ionization  cross-section  data.  Ionization  may  occur  by  a  two-step  process 
where  an  electron  first  exdtes  an  H  atom  and  this  exdted  aUom  is  then  ionized  ^  a 
collision  with  a  second  electron.  This  second  process  will  be  fast  con^ared  to  the  first 
because  of  the  relatively  small  energy  required  to  ionize  an  exdted  atom.  To  inq>lement 
this  effect  without  introducing  a  new  spedes  (exdted  H),  the  threshold  energy  for  the 
ionization  cross  section  was  taken  to  be  the  exdtation  potential  (102  ev)  rather  than  the 
ionization  potential  (13  J  ev). 

The  noneqtiilibrium  code  has  experienced  some  problems  with  convergence.  We 
have  relaxed  some  of  the  constraints  u^  in  the  equilibrium  version  of  the  code,  and 
have  now  obtained  satisfactory  convergence.  Specifically,  we  have  removed  the  fixed 
power  constraint  and  the  linear  anode  current  assumption.  The  computation  of  the 
electromagnetic  field  in  plasma  codes  are  often  plagued  with  consisten<7  problems. 

IVpically,  onfy  two  of  the  four  Maxwell’s  equations  are  needed  to  calculate  the 
electric  and  magnetic  field.  The  curl  of  the  electric  field  miist  vanish  for  a  steady  state 
problem,  and  tests  of  vanishing  curl  of  the  electric  field  revealed  some  numerical 
problems  with  our  code  which  have  now  been  corrected.  Arqet  codes  are  under 
development  in  several  other  laboratories,  but  these  codes  are  time  dependent  and 
require  considerable  conqniter  resources.  The  UTSI  code  is  a  steady-state  code  and 
requires  less  computer  time.  Therefore,  we  are  continuing  to  develop  and  refine  this 
code. 
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Fig.  1  Experimental  LIF  Signals  from  the  Perpendicular  and  Angled  Beams  and  the 
Optogalvanic  Reference  Signal. 


Rg.  2  Comparison  of  Computed  and  Measured  Axial  and  Radial  Veiodties  at  the 
Nozzle  Exit. 
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Overview 

The  primary  interest  of  the  Air  Force  for  electric  propulsion  is  with  storable 
propellants.  Our  research  emphasizes  a  gaseous  mixture  of  N2  and  H2  for  the 
simulation  of  hydrazine  arcjets.  Because  the  arcjet  is  a  low  Reynolds  number 
(<1000)  device,  viscous  behavior  dominates  energy  transfer  processes  in  the  thermal 
and  viscous  boundary  layers,  which  couple  with  multi-dimensional  heat 
conduction  in  and  from  the  massive  conducting  anode  wall.  Therefore,  energy 
transfer  must  be  described  by  coupled  Navier-Stokes  conservation  relations  and  an 
electromagnetic  heating  equation,  which  depend  on  a  complex  way  on  the  fluid 
properties. 

Energy  transport  horn  plasma  in  the  equilibrium  constrictor  region  of  the  arcjet  is  a 
strong  function  of  the  number  deiisity  aistribution  of  electrons  from  ionized  species. 
The  diffusion  of  species,  particularly  electrons,  is  likewise  important.  The  electric 
current  distribution,  not  laiown,  is  strongly  coupled  to  the  ne  and  Te  distribution  in 
the  vicinity  of  the  relatively  cold  constrictor  and  anode  walls.  Here,  non¬ 
equilibrium  plays  a  dominant  role  in  determining  the  spatial  variation  in  the 
current  attacrunent  and  anode  heating.  The  proper  description  of  this  aspect  of 
arcjet  nozzle  flow  is  the  primary  goal  of  the  research. 

All  of  the  above  factors  vary  sigruficantly  with  power  input  (the  scaling  problem). 
Note  that  a  given  arcjet  operates  over  a  relatively  neurow  power  range,  and  arcjets  as 
a  class  begin  to  be  unstable  below  ~0.5  kW.  We  feel  that  is  important  to  perform 
experiments  away  from  this  stability  limit;  e.  g.  at  0.5  kW;  e.  g.  at  1-3  kW.  We  also 
feel  that  a  model,  to  be  valid,  must  ^  successfully  exercised  over  this  power  range. 

The  degree  to  which  an  imposed  (applied)  magnetic  B  field  alters  electron  drift  and 
hence  current  distribution  and  arqet  performance  is  not  well  understood,  but  can  be 
used  in  conjunction  with  a  numerical  model  to  describe  the  complex  physics  of  flow 
and  energy  transfer  in  this  region  of  intense  plasma  heating.  The  applied  field  may 
be  used  to  modify  the  current  distribution  in  a  predictable  way,  and  can  therefore  be 
used  as  another  independent  variable  to  validate  a  numerical  model. 

We  are  concerned  that  the  widespread  use  of  the  NASA  1  kW  thruster  may  generate 
non-repeatable  results,  because  of  the  poorly-defined  heat  transfer  interface  between 
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the  nozzle  and  the  body.  We  also  note  that  the  NASA  thruster  is  not  well  adapted 
to  interior  diagnostics  or  anode  heat  transfer  studies,  and  are  implementing  a  new 
anode  design. 

The  emphasis  of  the  AFOSR  program  at  UIUC  is  experimental,  with  our  code 
validation  as  the  primary  goal.  We  are  in  the  process  of  implementing  a  quadruple 
Langmuir  probe,  capable  of  ne,  Te,  and  u  measurements  in  the  plume.  We  are  also 
designing  and  implementing  a  fast  response  total  enthalpy  probe  for  measiuements 
of  heavy  particle  temperature  in  the  plume.  With  a  new  anode  we  will  measure  Te 
inside  ^e  nozzle  and  constrictor,  using  a  novel  Langmuir  pin  configuration  (Fig.  1). 
Spectroscopic  methods  include  line-to-line  and/or  line-to-continuum  of  seeded 
gases  (e.g.  xenon)  by  an  optical  multichannel  analyzer  (OMA). 

Experimental  Approach 

Several  diagnostic  techniques  are  employed  to  validate  the  predictions  of  the 
computational  model.  Using  a  NASA  1  kW  hydrazine  arcjet,  Langmuir  probe 
tech^ques  are  employed  in  the  pliune  at  the  exit  plane.  Multiple  and  single  probe 
techniques  are  used  to  determine  the  electron  temperature  Te,  electron  density  ne 
and  die  plasma  streaming  velocity  (speed  and  direction).  The  flow  divergence  angle 
is  measured  with  rotating  single  probes  and  fixed-angle  probe  techniques.  Triple 
Langmuir  probes  (Chen  and  Sekiguchi,  JAP,  1965),  which  can  be  rapidly  swept 
dirough  the  plume,  are  used  to  determine  Te  and  ne  simultaneously  (Fig.  2).  The 
magnitude  of  the  plume  velocity  is  determined  for  certain  flow  conditions  using  the 
crossed  double  probe  (Kanal,  JPP,  1964)  technique.  Quadruple  probes  (Burton, 
DelMedico  and  Andrews,  JPP,  1993),  which  combine  the  triple  probe  and  crossed 
probe  tediniques  for  simultaneous  determination  of  Te,  ne  and  plasma  velocity  are 
ultimately  used  to  characterize  the  plume  region.  Of  paramoimt  importance  to 
these  probe  techniques  is  understanding  the  effect  of  two  ionized  species  (nitrogen 
and  hydrogen)  on  the  ion  probe  current,  and  hence  on  the  measured  Te,  ne  and 
plasma  velocity.  Calculations  show  that  measurements  of  Te  are  unaffect^  by  the 
presence  of  multiple  ions,  while  die  error  in  die  measured  values  of  ne  is  expected 
to  be  ±5%  due  to  the  presence  of  the  two  ionized  species.  Effects  due  to  die  velocity 
slip  due  to  diffusion  eure  also  being  considered.  The  details  of  these  analyses  and 
experimental  data  will  be  presented  at  the  30di  Joint  Propulsion  Conference  (1994)  as 
paper  AIAA  94-3299,  "Application  of  Multiple  Electrostatic  Probes  in  the  Plume  of  a 
Low  Power  Arcjet." 

Modeling/Interpretation  of  Experiments 

With  our  present  understanding  of  arcjet  modeling,  the  thrust  can  be  predicted 
feirly  well;  i.  e.,  the  models  can  predict  the  static  pressure  distribudcn  in  the  nozzle. 
Voltage,  electric  field,  and  current  distribution,  however,  are  poorly  understood. 
The  UTUC  model  includes  a  self-consistent  solution  for  the  voltage;  i.  e.,  the  anode 
potential  is  assumed,  the  voltage  is  determined  from  Poisson's  equation,  and  the 
current  is  calculated  from  Ohm's  Law,  The  volumetric  ohmic  heating,  j^/o, 
determines  where  the  energy  is  deposited,  which  in  turn  determines  the  electrical 
conductivity  o,  which  in  turn  determines  and  voltage  and  current  distributions. 
With  this  sdieme  the  arc  attachment  is  coupled  to  the  tiow  field. 
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Fig.  1.  New  anode  design  with  ^a-  Fig.  2.  Carriage  for  multiple 

nar  Langmuir  pins  for  mtemal  Te  probe  diagnostics  at  the  exit  plane. 

measurements. 

An  improved  2  kW  ardet  nozzle  has  been  designed  for  internal  probing  of  the 
nozzle.  Flush-moimted  single  and  double  Langmuir  pins  (Fig.  1)  are  being 
employed  to  obtain  ite/  Te  and  j  in  the  plasma  viscous  layer,  to  better  understand  the 
ohmic  heating  distribution  ana  current  S3nnmetiy  inside  the  constrictor  and  nozzle 
regions,  and  permit  model  validation.  Odier  diagnostics  considered  for  model 
verification  include  static  pressure  measurements  and  emhsion  spectroscopy 
probing  of  the  constrictor. 

The  UIUC  arcjet  model  is  a  steady-state,  two-temperature,  single-fluid  model  which 
includes  flow  swirl  and  anode  heat  transfer  in  a  convergmg-divergmg  nozzle 
geometry.  The  model  assumes  plasma  radiation  to  be  optic^y  thin.  The  gas  is  a 
combination  of  nitrogen  and  hydrogen  written  generically  as  xN2  +  H2.  Input 
parameters  are  x,  the  thruster  geometry,  mass  flow  rate,  total  appli^  ctirrent,  and 
die  inlet  swirl  angle. 

The  solution  algorithm  for  the  arq'et  model  is  based  upon  the  two  temperature 
plasma  model  of  Mertogul  and  Krier  (AlAA  93-3224).  Distinct  energy  equations  for 
electrons  and  the  gas  yidd  separate  electron  Te  and  g^  Tg  temperatures.  Three  scalar 
momentum  equations  yield  me  axial,  radial,  and  azimumal  velocity  fields.  Species 
densities  are  computed  assuming  quasi-neutrality  and  two-temperature  chemical 
equilibrium;  the  appropriate  laws  of  mass  action  are  solved  along  with  a  two- 
temperature  ec^tion  of  state.  This  allows  a  computationally  efficient  parametric 
investigation  of  various  propellant  mixtures. 

We  note  that  the  electrical  conductivity  a  is  strongly  coupled  to  the  electron 
temperature  and  number  density  fields.  Ohm’s  law  is  combined  v/ith  V»j  =  0  to 
solve  for  the  voltage  and  current  distributions.  An  example  of  this  is  illustrated  in 
Fig  3,  where  enclosed  current  contours  are  shown  for  an  assumed  analytical  form 
for  the  conductivi^  of  o=CTntaxW®^("(*’/ranode)^)*  As  we  incorporate  ohinic  heating, 
radiation  loss,  and  elastic  energy  transfer  source  terms  into  the  electron  and  heavy 
particle  energy  equations,  the  electrical  conductivity  is  calculated  as  a=o(Te,nje)  so 
that  a  fully  coupled,  self-consistent  solution  for  the  current  distribution  is  obtained. 


The  j2/ o  term  for  this  o  distribution  is  non-monotonic  and  suggests  electron  heating 
at  the  wall  of  the  same  order  as  that  at  the  centerline  of  the  constrictor. 

The  equations  are  solved  iteratively  using  a  finite  volume  method.  The  mass 
continuity  and  momentum  equations  are  solved  using  the  PI^  algorithm.  (Issa, 
JCP,  1985).  These  have  been  successfully  solved  for  aaiabatic  flow.  The  results  are 
shown  in  Fig.  4,  where  Mach  contours  are  illustrated  for  a  low  Reynolds  number 
(Re=117)  nozzle  flow.  The  results  anee  qualitatively  with  published  results  (Chimg, 
et  al.,  AIAA  93-0727)  as  the  centerline  Mach  number  increEises  to  a  peak  value  of 
M=2.4  at  a  downstream  distance  of  x/Rajjojyt=8;  M  then  begins  to  decrease  as  tfie  flow 
thermalizes  due  to  viscous  losses.  Results  will  be  presented  at  the  25th  AJAA 
Plasmadynamics  and  Lasers  Conference  in  Jime,  1994. 


Fig.  3.  Enclosed  current  contours  Fig.  4.  Mach  contours  showing  max- 

for  analytic  form  of  electric  conduct-  imum  in  M  at  x/Rthroat=8* 
ivity  a. 

Research  Applications 

The  proposed  research  will  lead  to  improved  efficiency  and  operation  with 
storable  arqet  propellants  based  on  nitrogoi  and  hydrogen.  Scaling  studies  over  a  1- 
3  kW  ran^  will  validate  numerical  models  over  a  power  range,  and  permit 
extrapolation  to  10  kW.  IDevelopment  of  two  new  probe  diagnostic  tedmiques,  both 
inexpensive,  will  benefit  in-flignt  diagnostics  of  arcjet  missions.  Development  of  a 
new  and  inexpensive  spectroscopic  technique,  coupled  wito  an  applied  magnetic 
field,  may  lead  to  performance  improvements  for  the  constricted  arcjet.  In  all  of 
these  efforts,  modeung  will  be  used  to  understand  the  results  and  lead  the  way  to 
more  efficient  arcjets. 

Reporting 

Bufton,  S.  A.,  Burton,  R.  L.  and  JCrier,  H.,  "Application  of  Multiple  Electrostatic 
Probes  in  the  Plume  of  a  Low  Power  Ardert,^  to  be  presented  at  the  30th  JPC, 
Indianapolis,  1994. 

Megli  T.  W.,  Mertogul  A.,  Krier  H.,  and  Burton  R.  L.  "Two-Temperature  Modeling 
of  N2/H2  Arcjets,'^  AIAA  Paper  94-2413,  to  be  presented  at  the  25th  AIAA 
Plasmadynamics  and  Lasers  CoriJFerence,  June  20-23, 1^4. 
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Edwards  AFB,  CA  93S24 


SUMMARY/OVERVIEW 

The  internal  energy  distribution  of  a  30kW  class  arcjet  opoating  on  ammonia  is  being 
investigated  using  emission  spectroscopy.  Analysis  of  the  information  determined  from  the 
hydrogen,  NH,  and  nitrogen  spectra  will  provide  a  clearer  picture  of  the  chemistry  within  the 
arcjet  nozzle  and  lead  to  methods  for  improving  overall  efficiency.  Optical  access  holes  .020"  in 
diameter  were  made  at  three  axial  locations  in  the  nozzle  region  between  the  constrictor  and 
nozzle  exit  plane.  Spectroscopic  measurements  of  excited  state  atomic  hydrogen  temperatures, 
electron  density  via  stark  broa^ning,  nitrogen  vibrational  and  rotational  temperatures  inside  the 
arcjet  nozzle  are  being  conducted.  As  anticipated,  results  show  that  the  expansion  flow  is  in 
nonequilibrium. 

TECHNICAL  DISCUSSION 

Over  the  past  10  years  the  Air  Force  has  taken  the  lead  in  the  development  of  a  high 
power,  30  kW  class  arcjet  for  orbital  transfer  aj^lications.  In  December  1995,  die  Air  Force 
will  be  launching  a  space  expaiment,  ESEX,  to  demonstrate  a  high  power  arcjet  As  part  of  this 
effort,  the  Phillips  Laboratory  has  been  investigating  various  operational  issues  of  concern,  Le. 
electromagnetic  interference,  arcjet  ignition,  spacecraft  diermal  loading  and  plume 
contamination  due  to  high  powor  arcjets.  One  of  the  more  critical  issues  that  needs  to  be 
addressed  for  the  long  term  development  of  diis  technology  is  overall  efficiency  which  directly 
correlates  to  the  needed  solar  array  size.  A  better  understanding  of  the  fundamental  energy  loss 
mechanisms  in  the  arcjet  is  needed  in  order  to  increase  efficiency  and  reduce  trip  times  from 
LEO  to  GEO. 

This  research  utilizes  emission  spectroscopy  to  obtain  information  about  the  internal 
energy  distributions  and  temperatures  along  the  length  of  the  arcjet  nozzle.  This  work  will  lend 
insight  into:  recombination  rates,  propellant  enthalpy  mixing  between  the  central  hot  gas  from 
die  arc  and  cooler  boundary  layer  flow,  and  heat  transfer  to  the  anode  walls.  Much  of  this  work 
compliments  that  of  Zube  and  Myers  ^  who  looked  into  the  nozzle  of  a  1  kW  arcjet  through 
optical  access  holes.  Our  technique  is  similar  with  the  exception  that  it  employs  a  high  powor 
arcjet  operating  on  ammonia  propellant  Through  comparisons  of  our  work  and  reference  1  new 
insight  into  die  differences  in  internal  energy  depositions  of  a  1  and  30  kW  class  arcjet  hope  to 
be  obtained.  The  results  of  diis  effort  will  also  be  used  to  enhance  the  predictive  c^ability  of 
arcjet  computational  codes  currently  being  developed  by  AFOSR. 

The  arrangement  of  spectrometer  and  collection  optics  for  the  emission  spectroscopy 
system  is  shown  in  figure  1.  The  system  consists  of  an  Acton  Research  SP-500  O.S  m 
spectrometer  with  a  2400  hologir^hic  grating  and  a  384x576  CCD  detector,  approximately 
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20nm  of  the  spectra  could  be  viewed  at  once.  Optical  access  holes  have  been  placed  at  locations 
along  the  arcjet  nozzle  corresponding  to  expansion  ratios  of  6.6,  78  and  229,  refer  to  figure  2. 
The  farthest  upstream  hole  is  just  0.1"  downstream  of  the  constrictor  with  the  other  two  holes 
equally  spaced  to  the  nozzle  exit  In  order  to  eliminate  internal  wall  reflections  into  the  optical 
access  ports,  holes  were  drilled  straight  through  bodi  nozzle  walls. 

Aldiough  the  arcjet  is  capable  of  being  run  at  powo*  levels  as  high  as  30  kW,  tests  are 
currently  being  carried  out  at  levels  closer  to  IS  kW  due  to  the  projected  maximum  power 
available  onboard  spacecraft  over  the  next  10  years.  Measurements  are  first  being  conducted  in 
the  nozzle  exit  plane  with  experinnents  through  the  optical  access  holes  and  into  the  arcjet 
interior  to  be  starting  shorlty. 

Measurements  already  taken  in  the  plume  of  the  first  8  hydrogen  Balmer  lines  reveal  the 
typical  arcjet  nonequilibrium  of  the  lower  lines  in  the  Boltzmann  plot  of  figure  3.  It  is  believed 
diat  this  upper  excited  state  temperature  is  in  good  agreement  with  die  electron  tenqierature. 
The  underpopuladon  which  is  observed  in  the  Iowa-  electronic  levels  is  consistent  with  PLTE 
and  it  is  anticipated  that  this  will  also  be  seen  during  a  similar  examination  of  nitrogen 
vibrational  spectra.  NH  rotational  temperatures  will  be  determined  by  comparing  experimental 
and  analytical  spectra  of  the  P(0,0)  band  which  is  found  to  be  sufficiently  finee  of  spectra  overhq), 
refer  to  figure  4.  The  model  of  NH  emission  spectra  which  was  used  for  these  calculations  was 
developed  by  R  Welled  Initial  measurements  have  shown  diat  two  of  the  vibrational-rotational 
bands  of  the  second  positive  series  of  nitrogen  are  sufficiently  distinct  to  also  measure  the 
nitrogen  vibrational  temperature.  Vibrational  measurements  taken  to  date  at  the  exit  plane,  part 
of  the  spectra  measured  is  shown  in  figure  5,  indicate  a  temperature  of  3700K. 

Specific  power  (Power  /  mass  flow  rate)  operating  conditions  of  the  ref.  1  arcjet  was 
between  21-  25  MJ/kg  while  the  thruster  investigated  here  is  operating  at  63  MJ/kg.  Due  to  this 
much  higher  specific  power  level,  it  is  anticipated  that  there  will  be  a  number  of  differences  in 
results  as  compared  to  Zube  and  Myers.'  The  higher  specific  inq>olse  should  lead  to  higher 
centerline  temperatures  for  the  high  power  arcjet  This  result  is  partially  bore  out  by  coniq>aring 
the  fartiiest  downstream  temperature  measurements  of  ref.  1,  which  was  3100K,  to  the  exit  plane 
results  obtained  here  of  3800K.  Just  downstream  of  the  constrictor,  the  measured  tenq>etature 
for  ref.  1  was  ~19()00K,  we  anticipate  measuring  an  even  higher  tempo-ature  at  this  location.  An 
intfficesting  observation  in  ref.  1  is  that  electron  density  increased  with  mass  flow  rate  (a  decrease 
in  specific  power);  the  higher  mass  flow  is  thought  to  cool  and  constrict  the  arc,  thus  driving 
both  die  centorline  temperature  and  ionization  up.  Another  observation  is  that  higher 
recombination  rates  occur  witii  increased  mass  flow,  as  expected.  The  extent  to  which  changes 
in  the  mass  flow,  or  specific  power,  afiect  the  energy  distribution  in  the  30kW  class  arcjet  is 
likewise  being  investigating  here.  We  are  also  interested  in  how  the  longer  nozzle  length  of  this 
study  enhances  the  recombination  process. 

1.  Dieter  Zube,  Roger  Myers,  "Nonequilibrium  in  a  Low  Power  Arcjet  Nozzle",  AIAA  91-21 13, 27th  Joint 
I¥(q)alsion  Conference,  June,  1991,  Sacrmnento,  CA. 

2.  M.  Crofton,  R.  Welle,  S.  Janson,  R  Cohen,  "Rotational  and  Vibrational  Temperatures  in  the  Plume  of  a 
1-kW  Ammonia  Ait^t",  AIAA  91-1491,  22nd  Fluid  Dynanics,  Plasma  Dynamics  and  Lasers  Conference,  June 
1991,  Ifonolulu,  Hawaii. 
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Fig,  1.  Emission  Spectroscopy  Experimental  Setup 


THERMAL-ELECTRIC  PROPULSION  WITH 
MAGNETOPLASMADYNAMIC  ACCELERATION 

(AFOSR  Grant  Contract  No  F49620-93-1-0611) 
Principal  Investigator:  Bagher  M.  Tabibi 


Department  of  Physics 
Hampton  University 
Hampton,  VA.  23668 


SUMMARY 

The  thermal-electric  propulsion  (TEP)  system  is  an  advanced 
propulsion  concept  that  integrates  thermal  and  electric  propulsion 
systems  in  a  tandem  arrangement  to  take  advantages  of  both  systems. 

In  the  TEP  system,  a  working  medium  is  preheated  to  its  maximum 
achievable  temperature  (^3000  K)  by  solar  thermal  flux  for  generation 
of  an  ionized  propellant.  The  heated  propellant  then  expands  through  a 
hallow  cathode  for  the  MPO  that  serves  an  expansion  nozzle  where  the 
medium  is  additionally  heated  by  Ohmic  heating  and  accelerated  further 
by  J  X  B  forces.  These  additional  gains  in  the  MPD  enhance  the  specific 
impulse  and  thrust  of  the  propulsion  system.  Also  the  initial  plasma 
from  the  thermal  chamber  may  assist  overcoming  the  so-called  onset 
current  limit. 
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Thermal-Electric  propulsion  System 

Introduction 

The  thermal-electric  propulsion  (TEP)  is  an  advanced  concept  which 
provides  a  high  specific  impulse  (lsp^1200  s)  and  medium  thrust  level  to 
fill  the  gap  between  the  very  high  thrust  (>105  Ibf)  chemical  or  nuclear 
thermal  which  have  very  low  Up  1000  s)  and  very  low  thrust  (£  llbf)  ion 

or  arcjet  which  have  very  high  Up  10^  s).  The  concept  of  the  TEP,  as 

shown  in  Fig.  1,  utilizes  the  principles  of  a  conventional  thermal 
propulsion  and  magnetoplasmadynamic  (MPD)  accelerator  in  tandem 
arrangement  to  enhance  the  Up  as  well  as  its  thrust  level.  For  the  TEP, 
input  power  could  be  drawn  from  concentrated  solar  (STEP)  flux  or  nuclear 
thermal  (NTEP)  energy.  In  other  words,  the  principle  of  the  TEP  could  be 
applied  either  to  the  solar  thermal  or  to  the  nuclear  thermal  propulsion 
systems  to  improve  their  thrust  and  Up- 

The  experimental  setup  for  the  test  of  STEP  concept  is  being 
constructed  at  Hampton  University  under  an  Air  Force  Office  of  Scientific 
Research  (AFOSR)  grant. 

Solar  Thermal  propulsion  (STP) 

The  basic  mechanism  involved  in  the  STP  is  illustrated  in  the  left 
portion  of  TEP  diagram  in  Fig.  1,  where  it  shows  energy  sources  injected 
into  the  thermal  chamber.  Solar  radiation  is  focused  within  an  absorption 
chamber.  Inside  the  thermal  chamber  the  propellant  is  heated  to  a  high 
temperature  (-3000  K).  The  heated  propellant  than  expands  through  a 
nozzle  to  generate  thrust.  The  STP  provides  the  Up  and  thrust  levels 
between  those  of  a  chemical  and  an  ion  propulsion  system  (see  Fig.  2). 

A  few  research  activities  on  the  STP  has  been  vigorously  pursued 
until  now.  A  noticeable  research  activity  is  carried  out  for  the  proof-of- 
principle  of  the  STP  by  Rocketdyne  Division  of  Rockwell  International 
Corp.,  under  the  contract  sponsored  by  U.S.  Air  Force  Rocket  Propulsion 
Laboratory[1-3].  Recent  experimental  test  of  the  STP  system  with  the 
heat  exchanger  cavity  absorber  results  in  Up  ~  872  Ibf.sec/lbm.  The 
projected  Up  is  1200  Ibf.sec/lbm  once  the  propellant  temperature  of 
4,500  OF  is  achieved  using  windowed  porous  material  absorber. 
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Electrical  Propulsion 

The  electric  propulsion  in  the  TEP  system  uses  the  high  temperature 
gas  exhausted  from  a  thermal  propulsion  system  and  partially  ionized  by 
thermionic  emission  of  electrons  from  the  nozzle  material  and  /or 
possibly  by  seeded  plasma.  The  use  of  partially  ionized  plasma  in  the  MPO 
channel  is  a  strong  contrast  to  the  conventional  arc-jet  and  MPD  thruster 
which  must  be  initiated  with  a  cold-gas  propellant.  The  three  key 
concerns  in  electric  propulsion  are  the  electrical  conductivity  for  a  low 
breakdown  voltage,  the  limit  of  onset  current  which  limits  the  flow  rate 
of  propellant,  and  the  initial  ionization  for  voluminous  production  of  a 
plasma.  The  use  of  high  temperature  gas  that  enables  thermionic  emission 
of  electrons  and  seeding  for  the  initial  ionization  processes  provide  a 
voluminous  plasma  that  will  relax  these  three  key  concerns. 

Thrust  and  Specific  impuise 

The  thrust  of  the  STEP  system  depends  on  the  flow  rate  of 
propellant.  The  capability  of  the  STEP  to  produce  a  large  volume  plasma  at 
the  pre-MPD  channel  enables  the  discharge  currents  of  the  MPD  to  be 
stable.  Thus,  further  increment  of  propellant  flow  rate  and  subsequently 
thrust  are  possible.  Figure  2  shows  the  estimations  of  thrust  and  Up  for 
various  propulsion  systems.  As  shown  in  Fig.  2,  the  STEP  and  NTEP  are 
positioned  in  the  medium  ranges  of  both  thrust  and  Up  as  compared  to  the 
chemical,  NTP,  and  other  high  Up  systems. 
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SUMMARY/OVERVIEW: 

A  combined  experimental  and  computational  investigation  of  supersonic  reacting  flows  is  being 
conducted  to  gain  a  mote  fundamental  understanding  of  flow  physics  and  chemistry  interactions 
in  conqnessible  reacting  flows.  The  research  effort  involves  two  interrelated  efforts:  (1)  an 
experimental  study  of  mixing  and  combustion  in  supersonic  flow  that  utilizes  recent  advances  in 
laser-based  diagnostics,  and  (2)  simulation  and  mealing  of  con^ressible  reacting  flows  using 
advanced  analytical  and  numerical  techniques. 

TECHNICAL  DISCUSSION: 

Experiments  in  Supersonic  Flows 

This  element  of  our  research  comprises  three  elements:  (1)  a  study  of  the  stmctuie  of 
compressible  reacting  miung  layers;  (2)  an  investigation  of  strategies  for  enhancing  mixing  in 
compressible  mixing  layers;  and,  (3)  application  of  promising  mixing  enhancement  techniques  to 
reacting  conqnessible  mixing  layers. 

Conqiressible  Combnstioii  Stadks 

A  major  focus  of  our  research  is  on  the  further  examination  of  the  structure  of  conqnessible 
reacting  mixing  layers  as  a  function  of  three  parameters  that  simulations  and  initial  experiments 
indicate  will  have  the  largest  influence  on  structure  -  convective  Mach  number,  heat  release  and 
the  mean  vorticity-density  profile.  Structural  features  of  the  layer  will  be  visualized  using 
simultaneous  planar  laser-induced  fluorescence  (PLIF)  images  of  OH  (a  marker  of  chemic^ 
reaction)  and  acetone  (a  marker  of  fuel).  In  addition,  quantitative  images  of  static  temperature 
will  be  obtained  using  PUF  NO  and  OH  thermometry.  The  time  evolution  of  the  large-scale 
structures  will  be  obtained  using  a  recently-developed  double-pulse  PLIF  imaging  technique, 
described  below.  All  of  these  flow  visualization  techmques  were  developed  in  our  l^ratory. 

The  approach  in  these  experiments  is  to  fix  convective  Mach  number  and  to  vary  heat  release  by 
varying  the  hydrogen  and  oxygen  concentration  in  the  feedstreams  fitxn  low  values,  where 
simulations  suggest  that  the  flow  structure  resembles  its  nonreacting  counterpart,  to  high  values 
where  simulations  suggest  the  existence  of  colay«s  at  convective  Mach  numbers  greater  than 
about  0.5.  Experiments  have  been  con^leted  at  low  heat  release  for  high  and  low  convective 
Mach  numbers,  and  the  observed  flow  structure  resembles  that  of  nonreacting  flows  (Miller  et 
al.,  1994). 

Double-Pulse  PLIF  Imaging 

A  new  method  for  recording  the  evolution  of  large-scale  structures  in  high-speed  reacting  mixing 
layers  has  been  recently  (teveloped  and  demonstrated  (Seitzman  et  al.,  1994)  The  technique 
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utilizes  a  single  frequency-doubled  dye  laser  which  produces  two  pulses  of  laser  light  separated 
by  an  adjustable  interval.  The  laser  wavelength  is  selected  to  simultaneously  excite  fluorescence 
from  acetone,  seeded  into  the  fuel  stream,  and  from  OH,  which  marks  the  hot  combustion 
products.  Tl»  fluorescent  signals  can  be  spectrally  separated,  allowing  reccnding  of  four 
independent  images  (i.e.,  an  OH/acetone  image  pair  for  each  of  the  two  pulses)  using  four 
intensified  CCD  cameras. 

A  schematic  diagram  of  the  experimental  arrangement  is  shown  in  Fig.  1  and  typical  results, 
combined  into  two  overlaid  OH/acetone  images,  are  shown  in  Fig.  2. 


Figure  2.  Overlaid  double-pulse  sideview  images  (77x50  mm)  of  acetone  and  OH  in  the 
mixing  layer  with  Mc=0.32:  (upp^)  first  pulse  image  and  (lower)  second  pulse 
image  with  a  50  ^s  delay. 

For  the  low-compressibility  conditions  of  Fig.  2,  it  is  easy  to  identify  and  follow  the  movement 
of  distinct  stmcn^  features.  The  OH  containing  structures  convect  at  a  velocity  that  is  siniilar 
to  (but  slightly  higher  than)  the  calculated  mean  convective  speed  of  the  layer,  while  the  edge  of 
the  acetone-containing  structure  moves  at  nearly  the  speed  of  the  slow  stream. 
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RfflMng  Enhancemart  Stttdtes 

In  additicm  to  the  reacting  flow  experimrats  described  above,  we  have  performed  experiments  in 
non-reacting  flows  aimed  at  undostanding  the  instantaneous  three-diimnsional  structure  of  the 
mixing  layer.  The  approach  is  as  follows;  The  low-speed  side  of  the  superstmic  mixing  layer  is 
seeded  with  small  amounts  of  alo^l  vapor  wnich  ccmdenses  in  the  layer  upon  mixing  with  the 
cold  high-q)eed  stream.  A  lasor  pulse  from  a  Candela  laser  is  ^idly  swept  through  the  mixing 
re^on  and  the  lig^t  scattered  fr^  the  fine  akolx>l  droplets  is  recorded  as  16  planar  images 
using  an  Imactm  image  converter  camera.  The  images  are  dien  re-assembled  to  produce  an 
instantaneous  rei»i^ntation  of  the  mixed  fluid  region  in  the  layer  using  volume  rendering.  An 
example  is  shown  in  Fig.  3. 


Figure  3.  Instantaneous  structure  of  supersonic  mixing  layers.  Upper  images  are  planar  cuts. 
Lower  is  volume  rendering  rotated  to  various  viewing  an^es. 

The  upper  image  set  shows  5  of  the  recorded  slices  as  the  sheet  sweeps  through  a  low- 
compressibility  mixing  layer.  The  bottom  image  set  shows  the  volume  rendering  restating  from 
the  full  image  set.  The  volume  rendering  clearly  reveals  the  quasi  two-dimensional  structure  of 
the  layer,  expected  at  low  compressibility.  Similar  renderings  at  higher  compressibilities  show  a 
considerably  less  organized  structure,  but  with  several  prominent  diagonal  bands.  This  new 
technique  will  find  finther  use,  as  needed,  as  our  studies  on  mixing  enhancements  continue. 


KfTnm  i  .1.  JCL>  it !  W  <  WilKituTn  fiTiCTTg 


The  objectives  of  this  element  of  our  research  are  to  conduct  analytical  and  computational 
studies  of  reacting  supersonic  mixing  layers  that  not  only  provide  insight  into  the  behavior  of  the 
layer  that  guides  the  experiments  and  aids  in  their  interpretation,  but  also  provides  detailed 
information  on  flow  physics  not  directly  available  from  the  experiments. 

A  focus  of  the  computational  effort  will  be  on  effects  of  chemistry  models  on  results.  Initial 
efrbrts  will  consider  differences  between  single-step  and  multi-step  chemistry  models. 
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SUMMARY/OVERVIEW 

The  overall  objectives  of  this  work  are  to  (1)  refine  and  update  an  existing  soot  formation  model 
and  (2)  with  the  assistance  of  M.  Smooke  of  Yale  University,  incorporate  this  soot  model  into  a  code 
describing  a  laminar,  opposed  jet  diffusion  flame.  Pyrolysis  data  obtained  in  previous  years  from 
a  nngle-pulse  shock  tube  have  been  interpreted  to  develop  a  detailed  pyrolytic  model  of  toluene 
decay  and  polyaromatic  hydrocarbon  formation.  The  soot  model  has  been  refined  and  incorporated 
into  the  diffusion  flame  model.  The  resultant  code  describes  a  strongly  coupled  gas-particulate 
system  which  includes  effects  of  (gas  and  particulate)  radiation,  species  scavenging  by  the  particles, 
thermophoresis  and  oxidation. 

TECHNICAL  DISCUSSION 

A.  Ibiuetne  Pyrolyaia  and  Fmmation  of  Polyaromatk  Hydrocarboas 

As  part  of  the  effort  to  develop  a  model  for  soot  production  in  an  opposed  jet  diffusion  flame, 
the  reaction  kinetics  and  mechanisms  associated  with  ring  and  polyaromatic  hydrocarbon  forma- 
ti<m  during  the  oxidative  pyrolysis  of  alkane  fuels  need  to  be  established.  In  the  previous  years, 
the  mechanism  for  bensene  formation  during  the  decomposition  of  methane  was  investigated^  and 
toluene,  phenylacetylene,  norbonadiene  and  cyclopentadiene  were  pyrolysed.  Along  with  the  hydro¬ 
carbon  decomposition,  information  was  collected  on  the  formation  of  polyaromatic  hydrocarbons 
(PAH).  Detailed  chemical  kinetic  modeling’  has  offered  some  answers  to  some  key  issues  related 
to  bensyl  radical  decay.  The  existence  of  a  low  temperature  decomposition  pathway  has  been 
confirmed  and  the  likdy  products  have  been  identified.  Furthermore,  the  rate  of  PAH  produc¬ 
tion  exceeded  that  predicted  using  the  standard  mechanism  involving  sequential  acetylene  addition. 
This  result  is  not  unexpected  since,  in  the  case  of  toluene  pyrolysis,  bimolecular  reactions  involving 
aromatics  should  lead  to  a  substantial  increase  in  growth  rates.  Rapid  formation  of  anthracene  was 
found  during  toluene  pyrolysis  at  low  temperatures  but  phenanthrene  (a  more  stable  isomer  of  an¬ 
thracene)  was  produced  much  more  readily  during  phenylacetylene  pyrolysis.  These  results  provide 
a  basb  for  suggesting  specific  mechanisms  for  formation  of  these  C14H10  species.  Since  equilibrium 
levels  of  anthracene  and  phenanthrene  were  ^proached  above  1600K  for  these  experiments,  a  rate 
constant  of  8xlO”exp(-65kcai/mole/RT)  sec~’  for  the  isomerisation,  anthracene  phenanthrene, 
was  estimated.  Finally,  four-centered,  concerted  reactions  involving  direct  H3  elimination  and  ring 
closure  were  suggested  to  explain  the  rapid  production  of  selected  PAH  species.  Rate  constants  of 
10*exp(-E/RT)  sec~’,  where  30<E<40  kcal/mole,  were  used  to  describe  this  overall  process. 

B.  Soot  Formation  in  an  Opposed  Jet,  Laminar  Diffusion  Flame 
B.l.  Description 

A  new  tool  for  studying  soot  formation  in  opposed  jet  diffusion  flames  has  been  developed’  by 
integrating  the  dynamical  equations  for  spheroid  growth  with  the  conservation  equations  and  com¬ 
plex  chemistry  of  counterflow  diffusion  flames.  The  approach  is  an  extension  of  recently  reported 
work  on  soot  formation  in  premixed  flames^,  although  a  revised  inception  mechanism  based  on 
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quad  ataady-atuta  axpraaaioiia  for  intarmadiataa  fonnad  during  tha  production  of  naphthalene  and 
phananthrana  haa  baan  utilised.  Tha  growth  of  spheroids  has  bean  treated  as  a  classical  aerosol 
dynamics  problem;  tha  sisa  range  of  interest  is  divided  into  discrete  intervals  or  classes  with  a 
logarithmic  trusformation  and  the  sise  class  mass  densities  are  derived  using  terms  representing 
inceptkm,  surface  growth  (and  oxidation),  and  coalescence.  It  is  assumed  that  surface  growth  and 
coalescence  have  the  free  molecule  form,  and  that  the  spheroids  consist  of  carbon.  Particle  in¬ 
ception,  surface  growth,  and  oxidatimi  are  calculated  from  local  concentrations  of  gaseous  species 
determined  from  a  complex  chonical  kinetic  mechanism.  Scrubbing  of  species  due  to  inception, 
growth  and  oxidation  of  the  particles  is  included  in  the  species  and  conservation  equations.  Particle 
transport  by  thermophoresis  and  diffusion  with  an  effective  sectional  diffusion  coefficient  have  been 
included.  Non-adia^tk  radiative  loss  by  both  gas  and  particle  emission  is  also  included  in  the 
energy  equation.  The  resultant  algorithm  accurately  predicts  soot  volume  fraction  with  as  few  as 
two  or  three  sise  classes.  Reliable  predictions  of  average  particle  sise  or  number  density  require 
fifteen  or  more  sections. 

B.2.  Evolution  of  soot  volume  fraction 

A  methane/kir  opposed  jet,  laminar  fiame  was  modeled  over  a  range  of  strain  rates.  For  the  base 
case  discus^  here,  Tini«t=298K,  P=latm,  maximum  strain  rate  is  17.2  sec~^,  and  the  number  of 
particle  sections  was  15.  The  kinetic  mechanism  contained  33  gaseous  species  and  102  elementary 
reactions.  Calculated  evolution  of  the  total  volume  fraction  and  the  profiles  of  the  sections  are 
shown  in  Fig.  1.  The  volume  fractions  are  plotted  as  a  function  of  a  normalized  coordinate,  y^ 
which  is  sero  at  the  stagnation  plane  of  the  opposed  jet  fiame  and  is  one  at  the  location  of  the  peak 
fiame  temperature.  The  average  size  (optical  diameter,  D«s)  for  some  of  the  sections  (denoted  by 
numbers  in  Fig.  1)  are:  (1)0.762,  (5)5.906,  (7)16.82,  (9)47.2,  (11)132.4,  and  (15)1042.0  nanometers. 
This  range  of  diameters  represents  a  mass  range  more  than  9  orders  of  magnitude. 

Evolution  toward  larger  mass  particles  occurs  due  to  surface  growth  and  coalescence.  The  smaller 
sizes  appear  in  the  vicinity  of  the  acetylene  pesdc,  but  never  acquire  an  appreciable  fraction  of  the 
total  soot  mass.  Most  of  the  soot  growth  occurs  in  a  narrow  range  between  about  0.5  to  0.8  in 
the  normalized  coordinate.  Falling  temperature,  acetylene,  and  benzene  concentrations  give  rise  to 
rqiid  reductions  in  surface  growth  rates  as  the  stagnation  plane  is  approached.  As  the  particles 
grow,  convection  and  thermophoresis  push  them  in  the  direction  of  the  stagnation  plane.  At  the 
stagnation  plane,  thermophoresis  causes  some  spilling  of  large  particles  to  the  fuel  side  of  the  plane, 
but  convection  pushes  them  back.  A  balance  between  convection  and  thermophoresis  leads  to  a 
peak  on  the  fuel  side  of  the  stagnation  plane.  The  population  in  bins  above  class  11  is  negligible. 
Qualitative  comparisons  with  the  data  of  Zhang,  Atreya,  and  Lee^  are  quite  satisfactory,  most 
notably  in  the  way  the  model  reproduces  the  profile  of  the  total  soot  volume  fraction  and  the 
accumulation  of  soot  at  the  stagnation  plane. 

The  Harris-Weiner®  (HW),  Frenklach-Wang^  (FW),  and  modified  Frenklach-Wang®  (MODFW) 
surface  growth  rates  are  compared  with  oxidation  in  Fig.  2.  It  is  apparent  that  only  the  Harris- 
Weiner  expression  results  in  significant  net  surface  growth  and  the  HW  expression  was  used  in  the 
base  case  calculations.  The  MODFW  expression  for  growth  never  exceeds  the  oxidation  rate,  and 
the  FW  expression  (a  =  1)  is  only  marginaUy  so  in  a  restricted  region.  Near  the  fiame  front  (peak 
temperature  regime),  the  FW  mechanism  predicts  significant  growth  rates  because  of  increased 
temperature  and  the  high  concentrations  of  H-atoms.  However,  oxidation  rates  (by  OH  and  O3)  by 
far  dominate  this  growth  expression.  Inclusion  of  Soret  diffusion  did  not  alter  the  H-atom  profile 
enough  to  change  this  conclusion. 
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B.3.  Efffcts  of  radiation,  oxidation  and  thermopboreaia 

Radiation  from  gaa  bands  and  soot  depress  m  peak  temperature  by  about  70  K  for  the  base  strain 
rate.  This  cooling  represents  about  7%  conversion  of  flame  enthalpy  to  radiatim  and  is  large 
enough  to  perturb  signiflcantly  the  soot  growth  species  bensene  and  acetylene.  The  consequence 
is  a  marked  sensitivity  of  volume  fraction  to  radiation,  as  seen  in  Fig.  3.  Without  radiation,  the 
predicted  volume  fraction  is  nearly  a  factor  of  three  higher.  This  increase  arises  not  just  from 
the  larger  levels  of  acetylene  and  bensene,  but  also  from  the  Arrhenius  terms  in  the  inception  and 
surface  growth  expressions.  Radiation  effects  decrease  monotonically  with  increasing  strain  rate,  as 
the  flames  becmne  thinner  and  there  is  leas  resident  time  for  radiation.  This  very  strong  sensitivity 
of  radiatitm  on  soot  predictions  is  consistent  with  results  of  Sivathanu  and  Gore*.  Thus,  accurate, 
coupled  calculaticHis  of  radiation  phenomena  is  a  key  ingredient  in  the  prediction  of  soot  profiles 
in  flames.  For  the  methane  flames  studied,  most  of  the  radiative  gas  cooling  is  actually  due  to  gas 
bands,  because  the  soot  radiation  temperature  and  volume  fractions  are  relatively  low. 

Figure  3  also  shows  the  importance  of  oxidation.  Suppressing  it  entirely  results  in  the  increase  in 
volume  fraction  shown.  Oxidation  in  the  soot  growth  region  is  mainly  due  to  molecular  oxygen. 
Suf^ressing  thermophoresis  also  results  in  increased  soot.  Thermophoresis  lowers  the  residence 
time  in  the  growth  region,  and  thus  reduces  soot  yield.  Without  thermophoresis,  there  is  no  spilling 
of  particles  to  the  fiiel  side  of  the  stagnation  plane. 

Because  the  rate  of  inception  is  strongly  affected  by  temperature,  removing  radiative  loss  results  in 
much  higher  levels  of  particles,  at  least  towards  the  inception  region.  Near  the  stagnation  plane,  the 
model  predicts  leas  difference  in  number  density,  presumably  due  to  a  loss  of  sensitivity  to  initial 
conditions  in  a  coalescenca^ominated  regime.  Number  density  decreases  toward  the  stagnation 
plane,  of  course,  because  of  coalescence.  Figure  4  shows  interesting  effects  on  the  average  particle 
sise,  or  optical  hamster  Des-  More  rapid  surface  growth  resulting  from  removal  of  radiation,  and 
faster  coalescence  from  higher  number  densities  results  in  much  larger  particles.  The  particles  that 
do  penetrate  to  the  fuel  side  of  the  stagnation  plane  evidently  do  not  further  coalesce;  the  number 
densities  and  coUisimi  firequencies  are  too  low  for  this  to  proceed  on  a  reasonable  time  scale.  Without 
thermophoresis,  the  particles  have  more  time  to  grow  to  a  larger  size  at  the  stagnation  plane. 

REFERENCES 

1.  Colket,  M.  B.,  and  Smooke,  M.  D.  (1993).  The  Formation  of  Benzene  from  Methane,  presentation 

at  joint  Central/Eiastem  States  ^tion  of  the  Combustion  Institute,  New  Orleans,  LA. 

2.  Colket,  M.  B.  and  Seery,  D.  J.  (1994),  “Reaction  Mechanisms  for  Toluene  Pyrolysis”,  accepted 

for  presentation  to  Twenty>Fif^  International  Symposium  on  Combustion,  Irvine  CA. 

3.  Hall,  R.  J.,  Smooke,  M.  D.,  and  Colket,  M.  B.  (1994),  “Predictions  of  Soot  Dynamics  in  Opposed 

Jet  Diffusion  Flames” ,  Submitted  for  publication  in  special  Combiistion  and  Science  Technology 
book  in  honor  of  I.  Glassman. 

4.  Colket,  M.  B.  and  Hall,  R.  J.  (1994),  “Successes  and  Uncertainties  in  Modeling  Soot  Formation 

in  Laminar,  Premixed  Flames,”  Proceeding*  of  the  International  Workehop  on  Mechanisms  and 
Models  of  Soot  Formation  (H.  Bockhom,  Ed.),  Springer- Verlag,  Heidelberg. 

5.  Zhang,  C.,  Atreya,  A.,  and  Lee,  K.  (1992).  Twenty-First  Symposium  (International)  on  Com¬ 

bustion,  The  Combustion  Institute,  pp.  1049-1057. 

6.  Harris,  S.  J.  and  Weiner,  A.  M.  (1983).  Comb.  Sci.  Tech.  31,  155. 

7.  Fkenklach,  M.  and  Wang,  H.  (1990).  Twenty-third  Symposium  (International)  on  Combustion, 

The  Combustion  Institute,  p.  1559. 

8.  Sivathanu,  Y.  R.  and  Gore,  J.  P.  (1994),  Combustion  and  Flame,  97,  161. 


198 


•No  thermophoresis 


TURBULENCE-CHEMISTRY  MODELS  IN  HIGHLY  STRAINED  NON-PREMIXED  FLAMES 


AFOSR  Contract  F48620-91  -C-0072 


Sar^M.  Correa 
General  Electric  Research  Center 
Schenectady.  New  York.  12301 


SUMMARY  OBJECTIVES  AND  PRIOR  RESULTS 

The  ot^ecdve  of  this  research  program  is  to  develop  and  assess  models  for  turbulence-chemistry  interac¬ 
tions  in  highly  strained  flames.  The  framework  provided  by  particle-tracking  pdf  models  is  emphasized. 
The  data  are  typically  obtained  by  laser  Raman  spectroscopy.  The  flame  is  stabilized  by  redrcuiation,  and 
so  is  more  complex  and  realistic  than  simpler  “parabdc”  jet  flames.  The  modeb  can  then  be  combined 
with  CFD  codas  to  oredkX  *r*haihi  flowflamoaratura  flelda  and  Ambminn*  fmm  aif-hrapthinn 

eombuaiora.  Previously,  a  oonventionai  pressure-corrected  “elliptic’*  CFD  code  was  combined  with  the 
Joint  velocily-composition  pdf  model.  Atwo-variabie  partial  equilibrium  scheme  was  used  for  the  CO/H2 
oxidation  chemisiry.  The  calculations  compared  tavorably  with  Raman  data  (mixture  fraction,  major  spe¬ 
cies.  and  temperature)  in  a  27.5%  CO/  32.3%  Ha/  40.2%  Na  -  air  flame  stabiHzed  in  the  reckculalion  zone 
beNnd  a  bluff  body  [1  ].  Abo.  the  Partially  Stirred  Reactor  (PaSR)  nxHjei  was  developed  to  study  the  interao- 
tions  between  turbulence  and  fUl  chemistry  schemes  for  (i)  CO/Ha  [2]  and  (i)  CH4  [3].  Detailed  analyses 
of  the  chemical  pathways  in  various  stages  of  the  mixing  process  for  oxidation  and  emissions  chembtiy 
are  provided  in  Ref.  4.  Progress  made  over  the  past  year  foflows. 

PROGRESS  IN  THE  PAST  YEAR 

L  The  CFD/jofot  pdf  model  has  been  used  to  calculate  the  non-premixed  bluff-body  methane-air  flame, 
accortflng  to  a  four-step  steady  state  chemistry  scheme,  and  compared  with  the  Raman  data  [5].  Figure 
1  shows  the  experimental  set-up.  More  detaHs  are  given  in  Reb.  1  and  5. 
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Figure  1 .  Bluff-body  sbbifaed  methane  “diffusion''  flame  in  15  cm  x  15  cm  tunnel. 
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The  ftenwn  system  ww  inodtfied  to  account  for  the  significant  levete  of  laser-induced  fluorescence 
and  incandeecence  enoourflered  in  the  rich  sooty  zotm  of  the  flame.  The  joint  pdf  contains  three  velocity 
components  which  are  modelod  by  Larrgevin  equations,  and  five  foermochemicai  scalar  variables  with  mix- 
ing  given  by  iineer  determirystic  relaxation  to  the  mean  and  chemistry  by  a  4-step  steady-state  reduced 
scheme.  The  flame  is  characterized  by  significant  finite-rate  chsmistiy  including,  unlike  the  CO/H^N2  fuel 
in  the  same  apparatus,  strong  bimodalty  in  the  temperature-mixture  fraction  scatterpiots.  Calculations  are 
compared  with  the  Raman  data  on  ten^terature  and  major  spades.  Computed  radial  proffies  of  the  mean 
and  r.m.s.  mixture  fraction  at  x/d>B20  compere  wel  wfih  the  Raman  data  (Fig.  2a).  The  measured  radial  pro- 
lies  are  shown  in  foil,  revealing  the  degree  of  symmetry,  while  the  computed  profiles  are  by  assumption 
axisymmetric.  Major  species  prolRes  also  agree  quite  well  (Fig.  2b).  The  mean  O2  is  depleted  in  the  wake 
of  the  bluff-body  but  coexists  with  mean  CH4.  a  consequence  of  finite-rate  chemistry.  The  largest  discre- 
pandes  are  caused  by  the  breakdown  of  the  assumF^ion  of  a  chemical  steady  state  for  the  cool  fuel- rich 
gas  at  the  core  of  the  flame.  Additional  results  are  discussed  in  Ref.  5. 


RADIAL  POSITION,  m.  RADIAL  POSITION,  m. 


Figure  2.  RacHai  proffies  at  x/ds20.  (a)  Mean  and  r.m.s.  of  mixture  fraction,  (b)  Selected  major  species. 

The  calculated  CO  scatterpiots  have  maxima  of  3%  (inset:  Figure  3)  whereas  the  data  peak  at  about 
10%.  Sknfiar  10%  levels  were  measured  in  other  bluff  body  flames  and  in  pilot-stabilized  flames,  and  2-3% 
peaks  were  predided  in  the  latter  using  the  4-step  scheme  within  a  (scalar)  pdf/Reynolds  stress  model. 
Hence  this  discrepancy  on  CO  maxima  has  appeared  in  diverse  circumstances  (but  always  in  combustion 
gases  that  are  near  local  extinction).  There  are  many  potentiai  contributors,  induding:  (i)  the  assumption 
of  a  steady  state  for  the  radicals  in  the  4-step  mechanism;  (S)  the  errors  in  Raman-based  (X)  and  CO^ 
data;  and  (iii)  negiection  of  pherKxnena  such  as  unsteady  flamelets  or  micromixed  gases  (perfectly  stirred 
reactors)  which  have  been  shown  to  lead  to  high  CO.  In  intense  turbulence,  however,  the  microscale  may 
be  better  simulated  by  the  PaSR  since  it  is  the  degenerate  form  of  the  pdf  equation  for  spatially  homoge¬ 
neous  systems.  For  example,  at  30  atm  the  PaSR  indicates  that  apprcsdmately  2%  peak  CO  levete  are  en¬ 
countered  unti  the  foet  ispyra^ized  and  CO  oxidation  can  commence  [4].  CO  is  an  important  clue  to  the 
microetructure  of  highly  turbulent  combusting  gases,  and  accurate  measurements  will  be  criticaS. 
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Figure  3.  Scatterplot  of  measured  CH4  and  CO.  Inset:  calculated  scatterplot. 

11.  The  PaSR  model  has  been  described  previously  [2-4].  Prior  work  concentrated  on  the  lEM  mixing 
model  and  diRerent  (full  arrd  reduced)  chemistry  schemes,  none  of  wNch  will  be  discussed  here.  The  lEM 
model  is  attractive  because  it  permits  highly  “parallefizable”  computation,  but  the  consequences  of  certain 
pecuHaiiOea  -  such  as  determinism  and  the  shape-presen4ng  relaxation  of  the  initial  pdf  of  a  conserved 
scalar  -  need  to  be  examined  in  the  context  of  combustion.  In  the  present  reporting  period,  two  pair-ex¬ 
change  ndxkig  models,  viz.,  the  original  Curl  model  and  a  modification  thereof,  were  compared  wtth  the 
“Interaction-by-Exchange-with-the-Mean"  (lEM)  rrKXlel,  in  the  context  of  homogeneous  combustion. 
The  detaHs  are  avaflable  in  Ref.  6. 

(i)  The  Curl  model  randomly  chooses  N^ix  pairs  of  particles,  mixes  them  by  averaging  their  scalar 
values,  and  finaRy  returns  them  to  the  ensemble.  The  mean  is  unchanged  whereas  the  variarx^e  decreases, 
kr  the  inert  case. 

(H)  The  Modified  Curl  model  also  randomly  chooses  pairs  of  particles,  but  mixes  them  by  averaging 
their  scalar  values  in  a  weighted  manner.  The  weight  is  a  varied  randomly  between  zero  and  one  according 
totheflatpdf  P(a)s1. 

Under  the  Curl  and  the  modified  Curt  models,  the  post-mixing  mass  fractions  and  temperature  of 
each  partide  in  the  ensemble  are  advanced  in  time  by  integration  of  the  chemical  kinetics  equations. 

(Ri)  The  so-caRed  "Interactlon-by-Exchange-with-the-Mean"  or  “lEM”  model  relates  each 
partide  to  the  ensemble,  rather  than  to  a  partner  [2. 3].  It  accounts  simultaneously  for  chemistry  arxt  mixing. 

AR  three  mixing  models  ^1  to  yield  the  Gaussian  expected  of  a  conserved  scalar  pdf  in  the  limit  of 
large  time;  however,  the  significance  of  this  ^lure  is  not  obvious  in  the  reacting  case  and  motivates  the 
present  work. 

The  fuel  is  50%CO/50%H2  (by  vd.).  The  kinebc  scheme  consists  of  1 1  species  and  23  reactions .  The 
inlet  conditions  are  1  atm  and  800K.  The  stoichiomehy  of  the  premixed  inflow  leads  to  a  PSR  temperature 
of  1740K  at  a  residence  time  of  5  ms  (1800K  In  equiRbrium).  but  to  blowout  in  a  PFR.  The  PaSR  mixing  fre- 
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cpjancy  wm  viried  in.tha  range  10  -  10^  Hz.  by  factors  of  ft  has  been  shown  that  this  range  more 
than  covers  the  mixing  frequencies  encountered  in  a  practical  combustor  [3]. 

The  stochastically  steady  mean  temperature  artd  mass  fraction  of  CO  are  shown  in  Fig.  4.  At  frequerv 
das  >1000  Hz  all  three  models  approach  the  PSR,  which  was  computed  by  an  independent  code.  At  lower 
frequendea.  however,  the  pah'-exchange  modeto  terxJ  to  blow  out  while  the  lEM  model  sustains  combus¬ 
tion.  Despite  these  dWerences,  the  pdfs  and  scattarpiots  of  temperature.  CO,  OH,  and  O  -  selectsd  be¬ 
cause  of  thairirftrineic  importance  as  weft  as  thdr  influence  on  NOx  emissions  -  are  V3ry  similar  between 
the  three  models.  The  sknlarfty  increases  with  the  mixing  frequency,  which  is  significant  given  that  pracdcal 
(e.g..  gas-turbine)  combustors  operate  at  high  mass-loadings  and  therefore  necesseyrily  at  hic^  mixing 
rales.  Hence  the  lEM  model  appears  to  be  reasonable  tor  highly  turbulent  premixed  combustion. 


Figure  4.  Variation  of  PaSR  under  different  mixing  models. 
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Summary/Overview 

This  research  program  is  an  experimental  and  theoretical  investigation  into  the  fine 
scale  structure  of  mixing  and  combiistion  processes  in  turbulent  flows.  It  has  the  following  three 
specific  objectives:  (i)  to  develop  and  implement  new,  high-resolution,  four-dimensional, 
quantitative  imaging  methods  for  direct  experimental  measurements  of  the  small  scale  structure 
of  mixing  and  chemical  reaction  processes  in  turbulent  flows,  (ii)  to  use  these  new  imaging 
methods  to  Investigate  the  detailed  physical  structure  and  dynamics  of  molecular  miTing  and 
chemical  reactions  in  turbulent  flows,  and  (Hi)  to  incorporate  results  from  these  experimental 
studies  into  improved  models  of  reacting  turbulent  flows.  Results  are  providing  remarkable  new 
insights  into  the  nature  of  the  small  scales  of  miTing  and  combustion  processes  in  turbulent 
flows.  These  are  contributing  to  predictive  submodels  allowing  computations  of  the  fine 
structure  of  reacting  flows  for  improved  high-speed  air-breathing  propulsion  systems. 

Technical  Discussion 

The  molecular  mixing  of  one  or  more  dynamically  passive  conserved  scalar  quantities  in 
turbulent  flows  is  the  rate  limiting  step  in  combustion  processes  involving  non-premixed 
reactant  systems.  Applications  range  firom  combustor  design  for  reacting  flows  in  high  speed 
airbreath^g  propulsion  sjrstems,  to  the  reduction  of  environmental  pollutants  in  industrial 
combustion  systems.  The  arbitrary  scalar  quantity  in  that  case  is  an  elemental  mixture  firaddon 
evolving  in  a  chemically  reacting  turbulent  flow.  The  first  phase  of  our  work  involves  results 
from  experiments  on  the  structure  and  dynamics  of  conserved  scalar  mixing  at  the  small  scales 
of  turbulent  shear  flows.  Our  measurements  are  conducted  in  the  self-similar  far  field  of  an 
axisymmetric  turbulent  jet.  We  use  a  unique  laser  induced  fluorescence  imaging  system  (see  our 
previous  reports)  developed  specifically  for  these  highly  resolved,  three-  and  four-dimensional, 
spatio-temporal  measurements  of  the  full  space-  and  time-vazying  conserved  scalar  fidd.  Each 
measurement  produces  the  fully-resolved  scalar  field  at  over  3  billion  individual  points  in  a 
small  four-dimensional  space-time  volume  in  the  flow.  The  spatial  separation  between  adjacent 
points  within  each  three-dimensional  spatial  data  volume  is  smaller  than  the  local  strain- 
limited  molecular  difiusion  lengthscale  Xq  of  the  scalar  field,  and  the  temporal  separation 
between  the  same  data  point  in  successive  data  volumes  is  shorter  than  the  local  molecular 
difiusion  scale  advection  time  Xq/u.  Examples  of  these  data  volumes  are  shown  in  Figure  1. 
Work  during  the  past  year  has  concentrated  on  analyses  of  data  obtained  frum  measurements  in 
both  three-dimensional  (spatial)  and  four-dimensional  (spatio-temporal)  form.  Examples  of 
these  data  volumes  are  shown  in  Figures  2-3. 

The  first  experimental  measurements  are  presented  for  the  full  three-dimensional  spatial  scalar 
energy  spectrum  £^)  resulting  frum  the  molecular  mixing  of  a  Sc  »  1  conserved  scalar  quantity 
in  a  turbulent  flow  at  local  outer-scale  Reynolds  numbers  Re^  between  3,000  and  6,000.  The 
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three-dimensional  character  of  these  measurements  allows  direct  evaluation  of  the  three- 
dimensional.spatial  scalar  spectrum  Effli)  associated  with  turbulent  mixing.  The  resulting 
isotropic  specfaium  function  E(^k),  integrated  from  this  full  spectrum,  is  compared  with  its  in¬ 
dividual  one-dimensional  counterparts  E(^ky)  and  E^k^)  as  a  test  of  the  small-scale 

isotropy  hypothesis.  These  one-dimensional  spatial  spectra  are  compared  with  previous 
temporal  spectrum  measurements,  and  with  Batchelor's  classical  theory  of  the  high 
wavenumber  spectrum  for  Sc  »  1  scalar  mixing  in  turbulent  flows. 

In  the  second  phase  of  our  work,  a  ph3^ically-based  formulation  is  being  developed  to  relate  the 
chemical  state  of  nonequilibrium  combustion  in  turbulent  nonpremixed  flows  to  the  mixing  state 
of  one  or  more  conserved  scalars  by  the  underljdng  turbulent  flow.  The  approach  is  motivated  by 
results  from  our  detailed  imaging  studies  of  scalar  mixing  in  turbulent  flows,  which  show  that 
essentially  all  the  instantaneous  scalar  energy  dissipation  rate  field  is  confined  to  locally  one¬ 
dimensional  dissipation  layers.  The  ubiquity  of  these  dissipation  layers  is  independent  of  the 
extent  of  chemical  nonequilibrium  in  the  flow,  and  instead  is  a  direct  consequence  of  the 
dynamics  of  scalar  mixing.  The  presence  of  these  layer-like  dissipation  structures  in  turn 
indicates  a  locally  one-dimensional  structure  in  the  underlying  chemical  species  fields.  The 
resulting  strained  dissipation  and  reaction  layer  model  has  certain  similarities  with  the 
classical  *flamelet*  model,  however  it  is  based  on  entirely  different  phjrsical  observations,  is 
derived  from  entirely  different  arguments,  and  is  limited  by  an  entirely  different  and  more 
widely  applicable  set  of  conditions.  Moreover,  the  boundary  conditions  for  solution  of  the  local 
chemical  state  differ  fundamentally  from  those  used  in  flamelet  models.  Results  obtained  when 
this  formulation  is  applied  to  imaging  measurements  of  conserved  scalar  fields  in  turbulent 
flows,  for  conditions  ranging  from  near  equilibrium  to  deep  nonequilibrium,  demonstrate 
remarkable  resemblances  to  direct  imaging  measurements  of  chemical  species  under  sinular 
combustion  conditions  (see  Fig.  4).  Notably,  the  present  strained  dissipation  and  reaction  layer 
formulation  inherently  produces  results  showing  the  predominance  of  thin  (flamelet)  reaction 
zones  under  conditions  of  relatively  weak  chemical  nonequilibrium,  and  the  natural  emergence 
and  dominance  of  broad  (distributed)  reaction  zones  with  increasing  equilibrium  departures.  It 
thus  provides  a  physical  and  theoretical  framework  that  unifies  these  two  widely  disparate 
views  of  the  coupling  of  the  underlying  mixing  dynamics  to  the  reaction  chemistry  in  turbulent 
combustion. 
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Fig.  1.  Example  of  a  256^  spatial  data  volume  from  the  four-dimensional,  fuUy-resolved,  conserved 
scalar  measurements.  Shown  are  the  scalar  field  (left)  and  the  dissipation  field  (right). 
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Fig.  2.  Probability  densities  of  the  individual  scalar  gradient  vector  components  fields  9^^ 
(right)  and  the  joint  probability  density  of  conserved  scalar  and  scalar  dissipation  Geft). 
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Fig.  3.  One-dimensional  fine-scale  spectra  obtained  fiom  the  three-dimensional  spatial  scalar  field 
data,  showing  the  scalar  spectra  (left)  and  the  dissipation  spectra  (right).  Overlayed  is 
Batchelor’s  theory  for  the  high  wavenumber  scalar  mixing  for  q  =5. 
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Fig.  4.  Results  for  OH  mass  fraction  field  in  a  hydrogen-air  turbulent  jet  diffusion  flame, 
obtained  firom  conserved  scalar  mixing  measurements  and  the  strained  dissipation  and 
reaction  layer  (SDRL)  model  for  equilibrium  (top),  moderate  non-equilibrium  (middle),  and 
deep  non^uilibrium  (bottom).  Note  the  progression  from  thin  “flamelet-like”  OH  zones 
near  equilibrium  to  broad  “distributed”  OH  structures  with  increasing  chemical  non- 
equilibiium. 
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Summary/ Overview 

The  purpose  of  this  research  is  fundamental  investigations  of  mixing,  chemical  reaction,  and 
combustion  processes;  in  turbulent,  subsonic,  and  supersonic  free-shear  flows.  The  program 
is  comprised  of  an  experimental  effort;  an  analytical,  modeling,  and  computational  effort; 
and  a  diagnostics  and  data-acquisition  development  effort,  as  directed  by  the  specific  needs 
of  our  experiments.  The  computational  studies  are  focused  on  fundamental  issues  pertaining 
to  the  numerical  simulation  of  compressible  flows  with  strong  fronts,  in  both  chemically¬ 
reacting  and  nonreacting  flows.  Parts  of  this  effort  are  cosponsored  by  AFOSR  T7RI  Grant 
No.  F49620-93-1-0338. 


Technical  discussion 

New  experiments  have  been  performed  in  the  Supersonic  Shear  Layer  (S^L)  fadlity  in  an 
attempt  to  separate  Reynolds  number  and  compressibility  effects  on  molecular  mixing  in 
turbulent  shear  layers.  The  velocities  and  pressures  required  to  produce  compressible,  ki- 
netically  fast,  chemically-reacting  experiments  are  such  that  existing  data  have  Reynolds 
numbers  an  order  of  magnitude  higher  than  previous  experiments.  Previous  measurements 
in  the  compressible  shear  layer  indicated  a  (weak)  reduction  in  the  mixed-fluid  fraction.^’^ 
Because  increases  in  Mach  number  were  also  2u:companied  with  increases  in  Reynolds  num¬ 
ber,  this  reduction  could  be  due  to  either  Mach-  or  Reynolds-number  effects.  In  an  attempt 
to  decouple  these  effects,  two  sets  of  experiments  have  been  performed.  In  each  set,  the 
Reynolds  number  is  varied  by  a  factor  of  two,  with  other  relevant  parameters  held  constant. 
The  results  of  these  experiments  are  plotted,  along  with  previous  data,  in  Fig.  1.  As  noted 
in  previous  discussions,^  the  data  can  be  seen  to  be  consistent  with  an  extrapolation  of  the 
decrease  observed  in  the  mixed  fluid  fraction  in  incompressible  flow  data,  t.e.,  a  reduction 
attributable  to  Reynolds  number  effects  alone. 

The  S^L  facility  has  been  upgraded  to  support  bi-supersonic  flow  >  1,  M2  >  1)  and 
we  have  begun  an  experimental  investigation  of  the  interaction  between  two  compressible 
gas  streams,  in  the  transonic  Mach  number  regime.  An  example  of  this  initial  study  is  the 
schlieren  image  in  Fig.  2.  The  inlet  conditions  for  this  shear  layer  were:  M\  —  0.65  [N2], 
M2  =  1.13  [N3].  The  image  captures  the  interaction  of  an  initial  expansion  fan,  produced 
by  a  5”  turn  at  the  test  section  inlet  (lower  left).  This  wave  structure  curves  the  shear  layer 
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Fig.  1  Nonnalized  mixed-fluid  thickness  vs.  Re. 

towards  the  bottom  goidewall,  producing  an  effective  converging-diverging  nozzle  in  the 
upper,  initially  subsonic  fireestream,  and  a  divergence  in  the  lower,  supersonic  freestream. 


This  produces  a  flow  in  which  both  streams  are  accelerated. 

We  have  continued  the  development  of  planar,  laser-imaging  techniques.  In  recent  experi¬ 
ments,  previous  measurements^  were  extended  with  improvements  in  image  signal-to-noise 
ratio.  New  time-resolved,  planar,  laser-Rayleigh  scattering  images  have  been  recorded,  in 
non-reacting  shear  layers,  for  convective  Mach  numbers  with  respect  to  the  low-speed  stream 
in  the  range  of  0.5  <  Afc2  =  (l^c  —  U2)fa2  <  •  These  results  were  presented  at  the  1993 

Annual  Meeting  of  the  American  Physical  Society,  Division  of  Fluid  Dynamics.^  The  exper¬ 
iments  were  conducted  in  the  S^L  facility,  in  previously  documented  flow  conditions.  The 
beam  of  a  frequency-doubled  Nd:YAG  laser  (250  mJ  in  a  9  ns  pulse)  was  steered  through 
an  optical  window  into  the  experimental  test-section  and  shaped  into  a  sheet  of  light.  The 
sheet  was  passed  through  slits  in  the  guide  walls  that  acted  as  “aerodynamic”  optical  win¬ 
dows  and  aligned  with  the  flow  direction.  The  Rayleigh-scattered  light  was  collected  at 
right  angles  to  the  planar  probe  re^on  and  imaged  onto  a  cryogenically-cooled,  1024^  pixel, 
CCD  array. 


Figures  3  and  4  depict  examples  of  such  planar-image  data.  The  high-speed  stream  occupies 
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Fig.  2  Shear  layer  inlet  conditions:  A/i  =  0.65  [Nj],  Jl/o  =  1.13  [No]. 


Fig.  3  Supersonic-subsonic  flow,  Jl/c  =  0.54. 

the  upper  part  of  the  image  and  the  low-speed  stream  the  lower  part  of  the  image.  The 
imaged  region  extends  3.2  cm  in  the  streamwisc  direction,  i.c..  roughly  twice  the  width  of 
the  shear  layer  at  that  location  (17  cm  downstream  from  the  tip  of  the  splitter  plate). 

In  Fig.  3,  the  liigh-speed  stream  fluid  is  No.  In  Fig,  4.  the  high-speed  side  streaun  fluid  is 
He.  In  both  cases,  the  low-speed  stream  fluid  is  CalLj  (ethylene).  Even  at  relatively  low 
compressibility,  i,e.,  =  0.54  (Fig. 3),  the  mi-\ing  layer  c.\hibits  a  different  structure  than 

the  large-scale  roller-likc  structures  observed  in  iiicomprcssible  shear  layers.  The  low-speed 
fluid  is  seen  to  be  peeled  off  by  the  high-speed  stream.  The  transport  of  fluid  across  the  layer 
appears  to  occur  more  through  relatively  well-defined  intrusions  of  fluid  into  the  opposite 


Fig. 4  Supersonic-subsonic  flow.  Me  =  0.94. 

stream,  rather  than  through  an  entrainment  process  through  the  rotational  motion  of  orgar 
nized,  large-scale  vortical  structures.  In  the  higlier  compressibility  flow  ima^  data  (Fig.  4), 
the  structure  of  the  shear  layer  is  different  yet  from  the  previous,  lower-compressibility  case. 
In  auldition,  a  wave  system  can  be  observed  in  the  low-speed  stream.  These  waves  were  ob¬ 
served  in  the  same  facility  using  Schlieren  imaging^’*  and  can  be  seen  to  be  generated  by 
large-scale  structures  in  the  shear  layer,  convecting  with  a  velocity  higher  that  the  speed 
of  sound  in  the  low-speed  stream,  i.e.,  Me2  >  A  directly-estimated  convective  Mach 
number  with  respect  to  the  low-speed  stream,  of  Mc2  —  2.5  for  this  wave  system  can  be 
inferred  from  the  wave  angles.  This  estimate  compares  well  with  previous  findings,  which 
were  based  on  schlieren  data  as  well  as  cross-correlation  data  derived  from  wall-mounted, 
high-speed,  pressure  transducers.^ 

In  our  investigation  of  turbulent  mixing  in  liquid-phase  jets,  we  have  obtsuned  high-resolution 
(1,024^,  high  signal- to-noise  ratio  (>  300  :  1)  images  of  the  scalar  field  using  planar  laser- 
induccd-fluoresccnce  (LIF)  techniques.  The  images  were  recorded  in  the  far-fleld  of  a 
turbulent  jet,  perpendicular  to  the  axis  of  symmetry,  in  the  Reynolds  number  range  of 
4.5  X  10^  <  ile  <  18  X  10^,  and  span  the  full  transverse  extent  of  the  turbulent  jet.  Each 
image  was  calibrated  and  normalized  using  several  background  and  uniform-illumination 
images.  An  example  of  an  image  at  Re  =  18  x  10^  is  shown  in  Fig.  5a.  FVom  such  im¬ 
ages,  contours  of  constant  jet-fluid  concentration  have  been  produced,  as  shown  in  Fig.  5b. 
We  have  found  that  qualitative  differences  between  low  and  high  Reynolds  number  images 
arc  reflected  on  the  individual  probability  density  functions  of  the  scalar  field,  as  well  as 
on  other  statistics.  We  arc  studying  iso-scalar  contours,  over  a  range  of  scalar  values,  to 
imeover  their  statistical  geometrical  properties. 

The  new  multidimensional  Godunov  scheme"  is  used  to  compute  a  two-dimensional  invis- 
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Fig.  5  (a)  Planar  LIF  image  in  the  far-lidd  of  a  liquid-phase  turbulent  jet  (Re  =  18  x  1(P). 
(b)  Iso-scalar  contour. 

cid  shear  layer.  This  employs  the  method  of  Riemann  Invariant  Manifolds,  which  can  be 
viewed  as  the  extension  of  the  method  of  characteristics  to  the  general  case  of  unsteady 
multidimensional  flow.  These  computations  are  performed  in  order  to  compare  with  the 
experimental  results  obtained  from  the  GALCIT  supersonic  shear  layer  fadlity  (c/.  Fig.  2). 
The  parameters  are  chosen  to  permit  a  direct  comparison  with  experimental  results.  A 
perfect  gas  is  assumed,  with  constant,  speciflc-heat  ratio  of  7  =  1.4.  The  computational 
domain  is  the  rectan^e  0  <  x  <  2  and  0  <  y  <  1.  The  lower  boundary,  y  =  0,  and  upper 
boundary,  y  =  1,  are  reflecting  walls,  and  at  the  right  boundary,  x  =  2,  outflow  boundary 
conditions  are  imposed  based  on  the  local  Riemann  Invariants.  Inflow  boundary  conditions 
are  specified  at  the  left  boundary  (x  =  0).  One  such  run  is  presented  in  Fig.  6.  Mach  num¬ 
ber  contours  are  given  for  the  case  with  the  low  speed  side  corresponding  to  Mach  number 
Ml  =  0.65  and  the  high  speed  side  to  Mach  number  M2  =  1.13.  The  high  speed  stream 
enters  the  test  section  at  a  5  degree  angle.  The  inlet  pressure  ratio  is  pi/p2  =  I  *5.  As  noted 
in  the  discussion  of  Fig.  2,  the  main  feature  of  the  computed  flow  is  that  the  subsonic  low 
speed  stream  is  accelerated  and  becomes  supersonic.  The  shear  layer  curves  and  acts  as  the 
lower  boundarj'  of  gas-dynamic  convergent-divergent  nozzle  for  the  low-speed  stream. 
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Fig.  6  Mach  number  contour  levels  for  pressure  ratio  pxfpi  —  1.5 .  60  contour  levels  in  the 
range  0.6  <  M  <  1.4 .  The  resolution  is  100  x  50  cells. 
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SUMMARY/OVERVIEW 

The  objectives  of  this  work  are  to  (1)  construct  reaction  zone  models,  inceporate  these  models  in 
turbulent  flow  simulatieis,  and  exploit  massive  parallel  processing  in  die  conputadtHis:  (2) 
deveJop  qiproaches  to  incorporale  flow-combustion  interaction  mechanisms  which  are 
compatible  widi  Lagrangian  smiulation  algoriduns;  and  (3)  use  sinmlation  results  to  reveal 
turbulent  combusticm  jdiysics  with  enphaas  tm  improaches  to  enhance  burning  rates  and  reduce 
emissions.  The  apprcMch  used  to  simidate  the  turbulent  flow  is  vortex  mediods  in  two  and  three 
dimensimis,  and  out  to  modeling  the  reaction  zone  is  based  on  unsteady  stnuned  diin  flames. 
During  die  93-94  year,  we  focused  our  efforts  on  dnee  connected  projects  (1)  massively  parallel 
impkmentatimi  of  dirw  dimensional  vortex  sirrailations,  (2)  devdopment  ^  unsmdy  thm  flame 
models  with  detailed  dieniistty  and  tran^iort,  and  (3)  analysis  of  die  reacting  shear  layer 
shnulation  results  to  shed  more  lig^t  on  flow-combo^<»  interactitm  mechamsms.  The 
following  discussion  describes  in  some  detail  the  motivations  behind,  accomplishments  and 
current  status  of  each  project  Except  to  the  diird  {noject  most  of  die  work  during  this  year  has 
gCMie  into  mediodology  d^dopment  ie.  model  fonnv^on,  computer  codes  construction,  and 
validation  df  results. 

TECHNICAL  DISCUSSION 

Progress  in  the  application  of  advanced  simulation  methods  in  turbuloit  omibustion 
reties  on  d^eloping  dgoridun  which  take  full  advantage  of  the  most  powerful  computa* 
architecture  available.  Devdtping  a  mastivdy  parallel  version  of  the  vortex  siniulation  codes 
has  been  motivated  by  several  factors.  (1)  The  computational  needs  of  diese  codes  scale  as 
0(A^,  idiere  N  in  die  total  number  of  vortex  elonents  used  to  discretize  the  vortidty  field. 
Moreover,  the  ratio  between  the  integral  and  die  smallest  CXolmogorov)  flow  length  scales  which 
must  be  captured  in  a  simulation  is  where  R  is  the  Reynolds  number.  Since  vortex 

elraMiits  must  be  distributed  in  die  cross  section  of  the  vortici^  structures  to  properly  capture 
dieir  dynamics,  die  number  of  elements  increase  making  the  computatic^  effort 
increase  almost  cubicaUy  with  the  flow  Reynolds  numbn.  (2)  Recent  trrads  in  hardware  and 
systrai  software  emphasize  die  parallel  operation  of  several  to  several  hundred  processors 
cmmected  to  a  common  memory  (shared  menroiy)  ot  possessing  their  individual  memory 
(message  missing).  Load  balancing  and  synchronizing  among  to  processor  determines  to 
paiallel  emciency.  (3)  The  appumt  conpatibility  of  to  computational  algoriduns  of  to  vortex 
mediod  widi  to  confuting  environment  of  a  massively  parallel  architecture.  This  is  because  to 
basic  ingredimits  of  the  m^od  consist  of  conputing  to  velocity  field  as  a  sum  over  to  elliptic 
contributions  of  all  to  vortex  elements  in  to  field,  amounting  to  to  operations,  and  updating 
to  location  and  strmgfo  of  to  vortex  elonents,  leading  to  an  extraN  operations.  This  strategy, 
which  maintains  to  ^id-fiee,  adaptive  nature  of  to  algorithm,  sets  a  limit  on  to  number  of 
elcmaits  according  to  to  available  conputer  resources.  On  to  other  hand,  it  is  this  very 
prtperty  which  makes  diese  methods  id^  for  parallel  operation.  In  a  parallel  environment, 
especially  with  a  shared  memory  architecture,  to  actual  clock  time,  equivalent  to  almost  a  single 
processor  time,  required  to  compute  to  vortex  interactions  on  an  Af-processor  machine  is 
and  hence  to  total  time  is  Le.  one  can,  given  efficient  communication 

lir^  acltieve  linear  inprovement  of  to  computational  spe^  with  to  numbo:  of  processors. 
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En^oweied  by  these  observations,  we  proceeded  towards  developing  a  fiilly  tiuee 
diinensitMBal  intenud  flow  vortex  simulation  code  and  testing  this  code  on  a  number  of  massively 
parallel  madiines.  As  a  first  accomplishment,  we  were  able  to  draionstrate  the  validity  of  tiie 
prediction  dn»cribed  above,  Le.  the  linear  parallel  efficiency  of  vtntex  codes,  by  running  a  three 
dimrasional  vortex  intenctions  code  on  a  G>nnection  Machine  CM-S,  and  conq>aring  ^  time 
reqidied  to  con^mte  a  field  using  up  to  35,000  elements  on  the  fastest  vectmr  machine  available, 
the  CRAY  C-90,  and  a  CM-S  using  up  to  128  processors.  The  quadratic  increase  in  time 
required  die  C-90  is  deafly  shown  in  figure  1,  as  well  as  the  better  than  order  of  magnitude 
inqnovement  when  the  same  code  is  adopt^  to  tte  CM-S.  The  nearly  linear  inqnoyement 
exhibited  by  the  time  requited  on  the  CM-S  as  more  processors  are  u^  is  anotiter  indication  of 
the  enormous  potential  and  iii:q>act  of  tiiis  technology.  We  expect  to  get  evoi  better  performance 
by  incorporating  machine  dependent  directives  whuh  perform  functions  at  the  machine  language 
leveL 


The  effort  to  develop  a  con^utationally  ^dent  and  accurate  unsteady  thin  flame  models 
in  which  some  detailed  che^cal  kinetics  and  transport  models  witiiin  the  Gawe  structure  can  be 
incorporated,  while,  outside  the  flame,  the  flow  is  treated  as  essoitially  non  reacting,  has 
proceeded  according  to  die  plan  described  in  last  year's  rqxurt  The  effidency  of  our  unsteady 
strained  flame  modds  is  acUeved  adopting  a  number  of  coordinate  maps  and  itiposing  some 
weak  restrictions  on  the  variation  of  die  tranmOTt  coefficioits  inside  die  flune  zone,  to  transform 
the  txiginal  unsteady  reaction-convection-dimision  equations  into  a  set  of  unsteady  reaction- 
diffusion  equations  which  are  much  easier  to  integrate.  The  problem  is  actually  reduced  to  a 
two-point  boundary  value  proUem  solved  using  i^ptive  gir^g  to  optimize  tte  placemmt  of 
die  corxqitttational  points  between  the  two  streams;  unbumt  and  burnt  mixtures  in  a  premixed 
combustion  simulidon  and  fuel  and  oxidizer  in  a  diffusion  combustion  simulation.  We 
proceeded  to  test  our  modeling  assonptions  with  regard  to  die  variation  of  the  transport 
properties  against  die  actual  variation  widiin  typical  flame  structures  and  found  them  to  be 
cemsistent  with  the  expected  behavior.  Our  effort  dus  year  amounted  to  testing  our  models 
against  results  of  a  striuned  premixed  flame  computations  of  methane  flames. 

A  sample  result  of  the  unsteady  flame  model,  pertaining  to  the  re^nse  of  a  premixed 
flame  to  a  stepwise  chan^  in  die  ipplied  strain  rate,  is  shown  in  figure  2.  In  this  calculations,  a 
(»e-stqp  reactitm  model  is  used  and  the  ^ect  of  the  Lewis  number  on  the  time  required  by  the 
flame  to  teach  steady  state,  the  settling  time,  is  shown.  At  non  unity  Lewis  number,  the  settling 
time  can  be  significant,  0(10*3  s)  and  the  response  of  the  flame  to  changes  in  the  flow  field  may 
not  be  instantaneous  as  often  assumed  in  turbulent  combustitm  simulations.  We  find  that,  at  non 
unity  Lewis  nuinber  conditions,  the  re^nse  time  of  the  flame  is  that  associated  with  the 
convection-diffusion  zone  and  not  the  reaction-diffusion  zone.  The  implications  h««  are  diat 
some  basic  assunptions  in  cimventional  thin  flame  and  flamelet  models  should  be  revised.  The 
stiidy  was  also  extended  to  die  case  of  a  periodic  strain  where  it  was  found  that  the  most 
important  impact  of  the  frequency  of  fluctuation,  as  long  as  the  amplitude  of  fluctuation  keeps 
die  maximum  strain  below  the  extinction  value,  is  to  create  a  phase  lag  between  the  applied 
strain,  and  hence  die  velocity  field,  and  the  change  in  die  burning  velocity.  This  lag  may  not  be 
of  much  significance  to,  e.g.,  the  overall  heat  rel^se,  but  it  is  coftainly  of  concern  to  problems 
associated  widi  combustion  instability.  W  are  pursuing  the  effort  to  incorporate  reduced 
chemical  mechanisms  in  our  simulations. 

The  third  project  is  concerned  widi  analyzing  simulations  of  ^atially  developing  reacting 
shear  layors  to  reveal  the  vorticity  dynamics  of  exoteermic  flows.  Simulation  with  finite, 
Arrhenius-rate  chemistry  and  in^tely  fast  chemistry  were  conpaied  and  both  agreed  well  as  far 
as  tte  effect  of  energy  release  on  the  vorticity  dynamics  is  concerned,  showing  that 
inplementing  flame  sheet  models  will  not  conpromise  the  flow  physics  in  a  significant  way . 
Results  indict  diat  exothermic  reactions  mod%  the  shape,  size,  speed  and  orientation  of  Ae 
large  eddies  luid  alters  thoe  interaction  mechanisms  fiom  the  conventional  pairing  mode  into  a 
tearing  motfe,  leading  to  an  overall  reduction  of  the  overall  cross  stream  growth  of  the  layer.  We 
show  that  all  the  obs^ed  ^ects  can  be  traced  back  to  the  primary  mechanisms  by  which  heat 
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release  can  modify  die  vorticity  dynamics,  volumetric  exjunsioa  and  baroclinic  vorticity 
gener^(ML  Tte  local  reduction  in  the  magnitude  of  the  vorticity  due  to  the  e^ansion  of  the 
material  elements  transporting  die  vorticity  diminishes  the  mixing  zone  by  aligning  the  eddies 
major  axis  with  die  flow  dire^on.  On  the  odier  hand,  baroclinic  vorticity  genoation  is 
manifested  in  the  formation  of  a  band  of  positive  vorticity  around  the  eddies  whose  sign  is 
piedotninandy  negative,  dius  inhibiting  entraiiunent  and  Meeting  the  «ldy  interaction  mode  as 
described  above. 

REFERENCES 

1.  Soteriou,  M.C.  and  Ghoniem,  A.F.,  "Numoical  Study  of  Exothermic  Combustion  on 
Mixing  Layer  using  Hnite  and  In^te  Reacting  Rate  Models,"  presented  at  ICDERS,  August 
3, 1993,  Portugal,  to  tqipear  in  Combust.  Sci.  Tech. 

2.  Soteriou,  M.C.  arid  Ghoniein,  A.F.,  "Simulation  of  Flow  Combustion  Interactions  on  a 
Spatially  Developing  Layer,”  presented  at  the  Second  U.S.  National  Congress  on 
Con^utational  Mechanics,  Aug.  16, 1993,  Washington,  D.C,  to  tqipear  in  a  special  volume. 

3.  Soteriou,  M.C.  and  Ghoniem,  A.F.,  “Dynamics  of  Reacting  Shi^  Flows,  Effects  of 
Exotfaermicity  and  Forcing,”  present^  at  the  32nd  Aerospace  Sciences  Meeting,  Reno,  NV, 
January  1994,  submitted  to  the  AIAA  Journal. 

4.  Soteriou,  M.C.  and  Ghoniem,  A.F.,  “Vorticity  Dynamics  of  an  Exothermic  Spatially 
Developing,  Forced,  Reacting  Shear  Layer,”  accept^  for  presentation  at  the  25th  S^posium 
(International)  on  Combustion,  UC  Irvine,  August  1994,  to  a^ipear  in  Proceedings. 

5.  Pmtov,  CA.  and  Ghoniem,  A.F.,  “An  Unsteady  Strained  Flame  Model  for  Turbulent 
Combustion  Simulation,”  presented  at  the  32nd  Aerospace  Sciences  Meeting,  January  1994, 
Reno,  NV. 

6.  Petrov,  C.A.  and  Ghoniem,  A.F.,  ‘The  Transient  Response  of  Strained  Laminar  Piemixed 
Flames,”  subrnitted  for  publication  in  Comb'  st.  Flame. 


0  5  10  15  20  25  30  35  40 

N(xlOOO) 


Figure  1.  Conqparison  between  the  CPU  time  required  to  compute  the  vortex  interactions  a 
sin^e  processor  C90  and  a  CM-S  with  different  numbers  of  processors. 


216 


Hgure  2.  The  steady  state  buming  veioci^  and  flame  location,  left,  and  the  settling  time, 
ri^t,  plotted  against  the  Karlovitz  number  for  different  Le  for  Tb  =  1950  AT. 
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Figure  3.  The  voiticity  field  in  a  uniform  densi^,  top,  and  variable  density,  bottom,  reacting 
sh^  layer.  The  gray  scale  coiresponds  to  the  magnitude  and  sign  ofvorticity.  The  density 
ratio  of  the  unbumt  to  the  burnt  mixture  is  five  wlule  the  stream  velocity  ratio  is  two. 
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Hgure  2.  The  steady  state  burning  velocity  and  flame  location,  left,  and  the  settling  time, 
ri^t,  plotted  against  the  Kariovitz  nuihber  for  different  Le  for  Tb  =  1950  K. 


Figure  3.  The  vorticity  field  in  a  uniform  densi^,  top,  and  variable  density,  bottom,  reacting 

sh^laycf.  The  gray  scale  corresponds  to  the  ma^t^  and  sign  of  vorticity.  The  density 
ratio  of  the  unbumt  to  the  burnt  mixture  is  five  wli^e  the  stream  velociQr  ratio  is  two. 
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NUMERICAL  STUDIES  FOR  THE  RAM  ACCELERATOR 
(AFOSRrMIPR-94-0004) 
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Naval  Research  Laboratory,  Washington,  DC  20375 

SUMMARY/OVERVIEW 

Time-accurate,  multidimensional  Euler  and  Navier-Stokes  simulations  have  been  performed  to 
study  reactive  flows  in  the  ram  accelerator.  In  the  past  year,  we  have  studied  the  structure  and  dynam¬ 
ics  of  shodcs  and  detonations  on  accelerating  projectiles.  Our  studies  show  that:  (1)  behind  the  reflected 
shocks  on  the  projectile,  the  detonation  structure  interacts  with  more  than  one  shock  and  is  signifi¬ 
cantly  more  complex  than  that  of  an  oblique  detonation  generated  by  a  single,  wedge-induced  shock; 
(2)  during  acceleration,  the  detonation  structure  remains  stable  and  consistently  generates  the  high 
pressure  whidi  produces  strong  thrust  on  the  projectile;  (3)  the  detonation  structure  moves  upstream 
as  the  reflected  shocks  on  the  projectile  are  strengthened  by  the  projectile  acceleration.  Furthermore, 
the  pressure  distribution  on  the  projectile  fix>m  these  simulations  provides  useful  information  on  the 
projectile  stabUity.  In  the  last  year,  we  have  also  studied  the  boundary  layer  behind  moving  shocks 
on  the  wall  of  the  launch  tube.  The  results  show  that  the  boundary  layer  wealmns  the  shock  and  the 
overall  effect  of  the  boundary  layer  on  the  combustion  process  is  rather  small. 

TECHNICAL  DISCUSSION 

In  the  ram  accelerator,  a  projectile  is  accelerated  by  the  high  pressure  generated  in  the  shock- 
induced  combustion  in  premixed  fuel-cxidizer  mixtures.  In  order  to  adiieve  strong,  sustainable  projec¬ 
tile  acceleration,  many  basic  issues,  such  as  the  dynamics  of  shocks  and  detonations,  the  mechanism  of 
different  forms  of  shock-induced  combustion  and  the  effect  of  different  types  of  boundary  layers,  need 
to  be  imderstood.  Our  approach  is  to  use  the  time-accurate,  multidimensional  numerical  simulation  as 
a  tool  to  study  these  issues. 

Detonstkm  Structures  on  Accelerating  Projectiles 

In  the  past,  we  have  studied  the  structure  and  stability  of  detonations  generated  by  a  single,  wedge- 
induced  shock.  Those  studies  show  that  in  a  wide  range  of  flow  and  mixture  conditions,  the  detonation 
structure  is  stable  and  very  resilient  to  disturbances  in  the  flow  and  very  suitable  for  ram-accelerator 
applications.  This  structure  is  multidimensional  and  consists  of  a  nonreactive  shock,  an  indxiction 
region,  a  set  of  deflagration  waves,  and  a  detonation  wave  in  which  the  pressure  rise  generated  by 
the  energy  release  is  coupled  with  the  shock  front.  The  detonation  structure  on  the  ram-accelerator 
projectile  is  likely  to  have  many  similarities  to  *he  oblique  detonation  structure  generated  by  a  single, 
wedge-induced  shock.  However,  the  complexity  of  the  multiple  shock  reflections  and  the  expansion 
waves  on  the  projectile  as  well  as  the  projectile  acceleration  may  significantly  affect  the  structure  and 
StabUity  of  the  detonation  in  the  ram  accelerator. 

In  order  to  study  the  structure  and  dynamics  of  the  detonation  during  the  acceleration  process, 
we  conducted  highly  resolved  simulations  for  the  reactive  flow  in  a  smaU  region  (Fig.  1)  where  multiple 
shock  reflections  are  formed  between  the  projectile  and  the  wall  of  the  launch  tube.  We  have  simulated 
the  (tetonaticm  structure  on  the  ram-aocelerator  projectile  in  the  stoichiometric  hydrogen-air  mixture 
(H2:02:N2/2:1:3.76)  at  Mach  numbers  ranging  from  7.0  to  10.0.  These  simulations  show  that  the  deto¬ 
nation  structure  in  the  ram  accelerator  has  the  same  basic  elements  as  those  in  the  oblique  detonation 
structure  generated  by  a  single,  wedge-induced  shock.  However,  in  the  ram  accelerator,  the  induction 
region  typicaUy  interacts  with  more  than  one  shock  and  also  with  expansion  waves.  These  expansion 
waves  weaken  the  induction  process  and  further  complicate  the  detonation  structure.  The  configuration 
of  the  detonation  structure  in  the  ram  accelerator  can  be  quite  different  from  and  significantly  more 
complex  than  that  generated  by  a  single  shock. 

For  example,  in  the  case  of  M  =  7.6,  the  detonation  only  exists  in  a  very  small  r^ion  close  to  the 
projectile  surfru^e  and  the  energy  release  becomes  decoupled  from  the  shock  not  far  from  the  projectile 
because  of  the  expansion  waves  generated  at  the  projectile  shoulder.  At  M  =  8.0,  the  second  reflected 
shock  becomes  an  oblique  detonation  near  the  projectile  and,  away  from  the  projectile,  the  second 
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reflected  shock  follows  the  water,  formation  and  energy  release.  However,  at  M  =  8.4,  the  structure 
of  the  detonation  is  rather  similar  to  that  of  a  detonation  generated  by  a  single  shock.  Figures  2-4 
show  contours  of  the  induction  parameter,  water  concentration  and  pressure  from  the  simulations  for 
M  =  7.6,  8.0  and  8.4.  These  figures  also  show  pressure  profiles  on  the  projectile  surface  and  tube  wall. 

As  the  projectile  Mach  number  increases,  the  detonation  moves  upstream  from  one  reflected  shock 
to  another.  The  multiple  shock  reflections  provide  many  possible  configurations  for  a  stable  detona¬ 
tion  structure  in  a  wide  range  of  Mach  numbers.  This  explains  why  the  detonation  structure  can  be 
maintained  on  the  projectile  for  a  significant  amount  of  time  to  generate  continuously  strong  projectile 
acceleratirai,  as  observed  in  our  earlier  studies. 

Projectile  Stability 

In  the  past  year,  we  began  to  use  the  pressure  information  obtained  ftom  our  simulations  to  analyze 
the  stability  of  the  ram-acoelerator  projectile.  The  projectile  stability  is  an  important  issue  in  ram- 
accelerator  development.  An  unstable  projectile  design  can  lead  to  canting  and  premature  destruction 
of  the  projectile.  Our  simulations  show  that  the  peak  pressure  occurs  on  the  rear  part  of  the  ram- 
acceleratCH’  projectile  during  acceleration,  unlike  projectiles  in  open  air.  Therefore,  the  conclusion 
from  the  standard  projectile  analysis  may  not  be  valid  for  the  projectile  during  acceleration.  Our 
analysis  indicates  that,  to  maintain  projectile  stability,  the  location  of  the  center  of  mass  has  to  be 
significantly  behind  those  of  conventional  projectiles  in  open  air.  Information  from  such  analyses  is  very 
useful  to  the  experimental  efforts  conducted  at  the  E^lin  AFB  and  other  sites.  However,  our  finding  is 
still  preliminary  and  this  issue  will  be  further  investigated. 

Sbodc-Bomdaiy-Layer  Structure 

Previously,  we  have  studied  the  effect  of  the  boundary  layer  behind  the  shock  generated  at  the 
leading  tip  of  the  projectile.  The  results  show  that  the  expansion  waves  behind  the  shock  decrease  the 
temperature  and  pressure  in  the  main  flow  and  significantly  limit  the  overall  effect  of  the  boundary  layer 
on  the  combustion  process.  In  the  past  year,  we  have  numerically  simulated  the  boundary  layer  beh^d 
the  moving  shock  on  the  launch  tube.  In  the  simulations,  a  coordinate  transformation  is  performed  so 
that  the  top  boundary  is  moving  at  the  original  shock  speed  and  the  shock  is  nearly  stationary.  The 
simulations  show  the  detaUed  structure  of  the  shodc  and  the  boundary  layer.  Near  the  waU,  the  shock 
curves  downstream  due  to  the  velocity  difference  between  the  shock  and  the  wall.  Behind  the  shock,  the 
pressure  and  temperature  increase  in  a  small  region  near  the  waU.  However,  these  increases  are  much 
smaller  than  those  in  the  boundary  layer  on  the  projectile  under  similar  flow  conditions.  Unlike  the 
temperature  and  pressure  increases  in  boundary  layers  on  the  projectile,  the  temperature  and  pressure 
increases  here  are  likely  to  be  due  to  direct  viscous  effects  such  as  viscous  heating  rather  than  uuhrect 
viscous  effects  such  as  compression  generated  by  the  boundary-layer-induoed  shock.  In  the  cases  studied 
,  the  the  effect  of  the  boundary  layer  behind  a  moving  shock  on  the  combustion  process  is  much  less 
than  that  the  boundary  layer  behind  a  stationary  shodc  generated  at  the  projectile  tip. 

PUBLICATIONS  AND  PRESENTATIONS 

Structure  of  Reaction  Waves  behind  Oblique  Shocks,  C.  Li,  K.  Kailasanath,  and  E.S.  Oran,  Progress 
in  Aeronaatics  and  Astronautics,  153:231,  1993. 

Numerical  Simulations  of  Reactive  Flows  in  Ram  Accelerators,  Li  C.,  Kailasanath  K.,  and  Oran  E.S., 
the  1st  Int.  Meeting  on  Ram- Accelerators,  Saint-Louis,  France,  1993. 

Analysis  of  llansient  Flows  in  Thermally  Choked  Ram  Accderators,  C.  Li,  K.  Kailasanath,  E.S.  Oran, 
A.M.  Landsberg,  and  J.P.  Boris,  AiAA-93-1916, 1993. 

Structure  of  Different  Types  of  Supersonic  Boundary  Layers,  C.  Li  and  K.  Kailasanath,  the  46tb  APS 
Meeting  of  Fluid  Dynamics,  Albuquerque,  NM,  1993. 

Numerical  Simulations  of  lYansient  Reactive  Flows  in  Ram  Accelerators,  C.  Li,  K.  Kailasanath,  B.S. 

Oran,  A.M.  Landsberg,  and  J.P.  Boris,  Submitted  to  Shock  Waves,  1993. 

Detonation  structure  on  Ram-Accelerator  Projectiles  ,  C.  Li,  K.  Kailasanath,  and  E.S.  Oran,  AIAA- 
94-0551,  1994. 

Detonation  Structures  behind  Oblique  Shocks,  C.  Li,  K.  Kailasanath,  and  E.S.  Oran,  Physics  of  Fluids, 
6:1600, 1994. 


220 


induction  parameter 


222 


STUDIES  ON  fflGH  PRESSURE  AND  UNSTEADY  FLAME  PHENOMENA 
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Principal  Investigator:  Chung  K.  Law 


Princeton  Univeisity 
Princeton,  NJ  08S44 


SUMMARY/OVERVIEW 

The  objective  of  the  present  program  is  to  study  the  stnicture  and  response  of  steady  and 
unsteady  lan^ar  premixed  and  nonpremixed  flames  in  reduced  and  elevated  pressure 
environments  through  (a)  non-intrusive  experimentation,  (b)  computational  simulation  using 
detailed  flame  and  luetic  codes,  and  (c)  asymptotic  analysis  with  r^uced  kinetic  mechanisms. 
During  the  reporting  period  progress  has  been  in^e  in  the  following  projects:  (1)  a  theoretical  and 
experimental  study  of  unst^y  diffusion  flames;  (2)  a  confutation^  and  experimental  study  of 
hydrogen/air  diffusion  flames  at  sub-  and  super-atrm^heric  pressures;  (3)  an  asympmtic  analysis 
of  the  structure  of  premixed  flames  with  volumetric  heat  loss;  and  (4)  asymptotic  analyses  of 
ignition  in  the  sifersonic  hytbogen/air  mixing  layer  with  reduced  mechaitisms. 


lECHNICAL  DISCUSSIONS 
1.  Studies  on  Unsteady  DiffusioiiPlames 

A  crudal  influence  on  the  flame  behavmr  which  so  far  has  not  been  adequately  addressed  is 
the  effect  of  unsteadiness  of  the  environment  on  the  flame  behavior.  This  issue  is  of  particular 
rdevance  to  the  modeling  of  turbulent  flames  through  the  concft  of  laminar  flamelets.  These 
flamelets  ate  sutgected  to  fluctuating  flows  with  various  intensities  of  straining,  and  it  is  reasonable 
to  expect  tluit  the  flame  would  respond  differently  in  an  oscillating  strained  flow  fleld  than  in  a 
steady  strained  flow  field. 

During  the  reporting  period  we  have  analyzed  the  re^nse  of  a  counterflow  diffusion 
flame  sulrjected  to  an  oscillating  strain  rate,  using  large  activation  energy  asymptotics.  The 
characteristic  oscillation  time  of  practical  inrerest  is  found  to  be  of  the  same  order  as  the 
characteristic  diffusion  time  of  the  flame,  so  that  the  flame  structure  consists  of  a  quasi-steady 
reactive-diffusive  layer  embedded  in  the  outer  unsteady-convective-diffusive  zones.  A  linear 
aiudysis  is  conducted  by  assuming  that  the  amplitude  of  the  strain  rate  oscillation  is  small  relative  to 
tile  mean  strain  rate. 

Figure  1  shows  the  real  parts  of  the  fluctuations  in  heat  release  as  a  function  of  tiie 
frequency  of  oscillation,  when  the  mean  flame  is  either  near  equilibrium  or  near  extinction.  It  has 
been  found  that  the  flame  response  is  controlled  mainly  by  two  effects:  (a)  the  response  of  the 
convective  mass  flux  into  the  reaction  sheet,  which  is  dire(^y  related  to  the  flow-field  variation 
iqiplied  at  the  boundary,  and  (b)  the  response  of  the  reaction  sheet  to  adjust  tiie  reduced  residence 
time  due  to  finite-rate  chemistry.  For  flames  near  equilibrium,  the  former  effect  tends  to  be 
dCKOiinant,  so  that  the  response  of  the  net  heat  release  is  in  phase  (i.e.  positive  real)  with  the  strain 
rate  osd^uitxi.  For  flames  near  extinction,  however,  the  finite-rate  chemistry  effect  ovotakes  the 
fluid-dynamic  effect  such  that  increasing  strain  rate  leads  to  a  reduction  of  the  reactivity  of  tiie 
flame  during  the  oscillatory  cycle.  As  such,  the  net  heat  release  response  of  the  near-extinction 
flame  becomes  out  of  phase  with  the  strain  rate  oscillation  in  the  sense  of  the  Rayleigh’s  criterion. 
Results  of  the  present  study  suggest  the  possibility  that  the  unsteady  characteristics  of  the  near¬ 
extinction  di^sion  flame  can  be  rignificantly  different  from  tiiose  in  tiie  Buike-Schumann  limiL 
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A  parallel  experimental  study  is  also  in  progress.  Figure  2  shows  the  schematic  of  the 
e}q>erimeiital  setup.  To  adiieve  the  instantaneous  measurement  of  the  unsteady  counterflow  flame, 
die  laser  beam  is  modulated  by  an  optical  chopper  at  the  applied  perturbation  frequency.  Then  die 
signal  is  delayed  and  sent  to  the  loudspeakers,  which  generate  the  acoustic  perturbation  of  the  flow 
in  the  notnde.  By  comparing  the  signal  sent  to  the  loudspeakers  with  the  chopped  laser  signal 
detected  by  die  photodiode,  the  entire  applied  sine  wave  can  be  mapped  out  We  ^all  measure  die 
instantaneous  snapshots  of  the  strain  rate  field  and  flame  re^nses  in  mder  to  provide  more 
deterministic  infornratirm  of  the  unsteady  flame  phenomena. 

The  theoretical  part  of  this  work  is  report  in  Publication  No.  1. 
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Recent  mterests  in  high-speed  aero-propulsion  have  led  to  considerable  research  on 
hydrogen/oxygen  chemist^,  as  well  as  its  coupling  to  fluid  flows.  Because  of  the  high-speed 
nature  of  the  flow,  the  available  residence  time  for  mixing  and  chemical  reaction  is  significantly 
reduced.  Furthermore,  the  combustion  chamber  within  aero-engines  not  only  operates  at  higher 
pressures,  but  die  chamber  pressure  can  also  undergo  strong  flucmations,  such  that  chemical 
kinetics  and  the  flame  behavior  can  be  significantly  modified  from  those  at  the  atmospheric 
condititm.  Consequendy,  it  is  of  importance  to  understand  the  ignition  and  extinction  phenomena 
involving  hydrogen/oxygen  mixtures  under  variable  pressures. 

We  have  conducted  LDV  measurements  of  local  extinction  snrain  rates  of  nonpremixed 
counterflow  flames  of  diluted  hydrogen  against  air,  at  pressures  of  0.5  to  1.0  atmosphoe.  The 
measured  data  compare  well  with  results  obtained  from  computational  simulation  with  detailed 
chonistry  and  transport  We  have  subsequendy  porformed  additional  computational  studies  of  the 
pressure  effect  <»  flame  extinction.  Hgure  3  shows  extincticm  flame  temperatures  calculated  for  a 
13%  hydrogen  mixture  as  a  function  of  the  system  pressure.  The  relationship  of  extinction 
temperatures  with  pressure  for  this  system  exhibits  the  familiar  non-monotonic  ”Z"  shaped 
dependency  as  obs^ed  for  the  homogeneous  hydrogen/oxygen  explosion  limits.  This  implies 
that  an  increase  in  pressure  could  render  a  mixture  to  change  firom  an  extinguished  state,  to  a 
burning  state,  and  back  to  an  extinguished  state.  This  behavior  is  explained  cm  the  basis  of  the 
intrinac  chain  branching-termination  kinetics  of  hydrogen  oxidaticm. 

This  work  is  reported  in  Publication  No.  2. 


^^Ada^rcalmo^L^^em^Aestu^^pr^mxedlfitmeex^ction  is  that  of  Spalding, 
who  analyzed  a  one-dimensional  freely-propagating  flame  with  a  teinperature-sensitive  one-step 
overall  reaction  and  radiative  heat  loss.  More  soplusticated  analyses  have  since  been  perfcamed 
using  one-step  chemistry  and  activation  energy  asymptotics.  These  studies  predict  that  extinction 
occurs  when  the  ratio  of  the  bunting  rate  to  its  adiabatic  value  is  reduced  to  e*l^  »  0.61,  a  result 
that  is  insensitive  to  the  nature  of  the  heat  loss.  Subsequent  numerical  computations  that  consider 
dialled  transpm  and  chemistry  also  p^ct  extinction  when  the  burning  rate  is  reduced  to  roughly 
60%  of  its  ^abatic  value,  suggesting  that  this  value  may  represent  a  universal  constant, 
independent  of  reaction  and  loss  mechanisms. 

fri  order  to  gain  a  better  understanding  of  the  role  of  dontinant  kinetic  parameters,  we  have 
revisited  this  classical  problem  and  have  performed  asymptotic  analyses  with  multi-step  reaction 
mechanisms.  We  first  employed  the  two-step  TjtVdoyich-lAn&a  mechanism  which  consists  of  a 
branching  reaction  and  a  competing  reccxnbination  reacticxi,  thus  capturing  the  chain  nature  of  real 
flames.  The  analysis  again  predicts  tiie  normalized  burning  rate  at  extinction  to  be  e*^^. 

We  have  also  made  considerable  progress  in  understaixling  the  extinction  characteristics  of 
nonadiabatic  methane/air  flames  by  considering  a  reduced  reaction  mechanism  that  has  been 
systematically  derived  fiom  larger  detailed  mechanisms.  Thus  the  reduced  mechanism  contains 
many  important  chemical  parameters  that  are  dominant  in  the  chemistry  of  "real”  flames. 
Extinctitm  conditions  were  found  explicitly  in  terms  of  these  parameters.  Results  show  that  the 
critk»l  value  of  die  burning  rate  at  extinction,  though  not  a  universal  constant,  varies  only  slightly, 
in  the  range  between  0.61  and  0.64.  In  figure  4  we  have  plotted  the  nondimensional  burning  rate 
as  a  function  of  the  loss  parameter.  At  the  (extinction)  turning  point,  the  burning  rate  is  nearly  the 
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same  for  all  curves,  but  the  critical  value  of  the  heat  loss  parameter  is  seen  to  be  less  than  that  for 
one-step  models.  The  corresptmding  reduction  in  flame  temperature  needed  for  extinction  is 
Aer^oie  substantially  less  than  that  p^cted  by  one-step  models. 

These  works  for  die  two-step  model  and  the  metnane/air  flames  are  respectively  reported  in 
Publication  Nos.  3  and  4. 

4.  Ignition  in  the  Supersonic  Hvdrogen/Air  Mixing  Laver 

The  development  of  the  scramjet  engine  for  supersonic  prc^ulsion  and  die  scramacceletatDr 
for  hypervelocity  projectile  launching  has  renewed  interest  in  supersonic  combustion. 
Fundtu^tal  studies  such  as  ignition  within  chemically-reactive  supersonic  boundary  layer  flows 
can  |novide  better  understand^g  of  the  key  factors  in  developing  supersonic  (xxnbustors.  bi  our 
previous  studies  of  one-step  chemistry  model,  several  distinct  ignition  situations  are  identified,  and 
It  was  shown  that  igniticm  can  be  gretuly  facilitated  by  use  of  the  kinetic  energy  of  the  hi^-speol 
flow  through  viscous  heating.  In  the  present  study  we  take  one  step  further  and  consider  more 
realistic  hydrogen/air  mixing  layer  using  reduced  mechanisms.  In  partcular,  two  distinct  reduced 
mechanisms  are  identified  depending  on  the  maximum  characteristic  ignition  toiqierature  (T*) 
idative  to  the  crossover  ten^enuure  ^c)«  at  which  the  rates  of  the  chain  handling  aid  termination 
reacticxis  are  equal.  Each  regime  is  filler  subdivided  into  two  distinct  cases,  namely  the  hot 
stream  (P  >  ji)  and  the  viscous  heating  (P  <  |x)  case,  depending  on  the  relative  dominance  of  the 
external  and  internal  ignition  sources,  lliese  four  cases  are  andyzed  separately  using  asynqitotic 
technique,  and  the  analysis  prop^y  ct^tures  the  ignition  process  in  a  well-defined  manner. 

Figure  S  shows  the  minimum  ignition  distance  as  a  function  of  the  flow  Mach  number. 
Although  the  gr(»s  trend  is  similar  to  that  of  the  one-step  analysis,  it  is  clearly  shown  that  the 
system  response  is  significantly  enriched  when  realistic  chemistry  is  pn^eriy  taken  intti  account 
iW  exan^le,  ignition  in  the  low  temperature  regime  (region  I,  II)  is  controlled  by  a  large  activation 
energy  pioc^  so  that  the  ignition  distance  is  mcne  sensitive  to  its  characteristic  temperature  than 
that  in  the  high  temperature  regime  (region  m,  IV).  In  figure  6,  it  is  also  shown  that  tbe  ignition 
distance  varies  non-monotonically  wiA  the  system  pressure  in  the  manner  of  the  well-known 
hydiogen/oxygen  explosirm  limits,  thereby  further  sul^tantiating  the  importance  of  chemical  chain 
mechanisms  in  this  class  of  diemically-reacting  boundary  layer  flows. 

This  work  is  reported  in  Publicatitm  No.  6. 
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SUMMARY/OVERVIEW: 

Labtffatory's  Aimament  Directorate  (WL/MN),  in  coojunctioo  with  tiie  Air  Fmce  OfBoe  of 
Scientmc  Researdi  (AFOSR),  has  a  multi-year  ptpgram  to  advance  dw  understandiqg  of  the  fundamental 
processes  (e.g.,  shock-boundary  layer  interaction,  boundary  layer  combustion,  transient  compressible 
turbulence,  high  pressure  kinetics,  die  transition  from  deflagrmion  to  detonation)  that  occur  in  a  high 
pressure  canbustible  environment  such  as  die  ram  accderator.  The  research  objectives  are:  (1)  to  develop 
computational  fluid  dynamic  (CFD)  techniques  to  simulate  frindamental  fluid  dynamic,  kinetic,  and 
combustion/detonation  processes,  and  (2)  to  validate  diese  CFD  codes  dirou^  die  devdopment  of  optical 
diagnostic  tedmiques  fix*  characterizing  flow  fields  in  high  pressure  combustion  environments.  Duriqg  the 
reporting  period,  progress  has  been  made  in  determining:  the  effect  of  die  subgrid  on  die  large  scale  vortices 
in  a  large  edefy  simulation  of  a  hi^  pressure  reacting  gas;  and  the  detonation  diaracteiistics  cf  a  sub- 
atmospheric  methane/oxygen  mixture. 

TECHNICAL  DISCUSSION: 

1.  Computational  Fluid  Dynamic  Research: 

Direct  Numerical  Simulation  (DNS)  of  turbuloice  is  desirable,  but  for  die  high  Reyrmlds  number 
and  geometry  ofinterest  in  the  ram  acederator,  it  is  not  currently  practical.  It  can,  however,  be  utilized  to 
simulate  qiecific  gemnetric  r^ons  of  the  flow  field,  such  as  die  projectile  nose  tip  r^on.  Recognizing 
diis  rde,  researdiers  at  die  Naval  Research  Laboratory  are  performing  DNS  simulations  of  highi>rcssure 
wedge-induced  oblique  detonation  [1].  Conventional  time-averaged  Reynolds-stress  (RS)  models  can  be 
used  to  rqiproxinude  the  effect  of  turbulence  frtxn  a  "system  point-of-view,"  and  researchers  at  the  Army 
Researdi  Laboratory  have  utilized  die  Baldwin-Lomax  modd  to  aid  in  die  devdc^iment  of  their  120mm 
ram  acederatex. 

Vfliile  RS  modds  are  valuable  for  system  design  and  operatkxi,  they  do  not  direedy  calculate  any 
of  die  turbulence,  and  for  unsteady  flows,  they  reciuire  diat  the  turbulent  tinie-scales  are  small  in 
comparison  to  convection  time  scales.  Such  averaging  may  be  adequate  for  slovdy  accderatirig  flows  or 
flows  widi  low  frequency  periodic  bdiavior,  but  it  is  not  appropriate  for  short  duration  transient  flows  and 
flows  widi  higher  frequoicy  periodic  bdiavior,  where  the  time-scales  of  the  large  scale  turbulent  structure 
and  the  ccmvective  processes  are  comparable.  For  such  flows,  the  optimum  approach  is  Large  Eddy 
Simulation  (LES),  where  the  large  sede  turbulent  nructure  is  direedy  simulated  by  the  flow  solver,  but  die 
finer  dissipate  structure  is  modeled  widi  a  sub-gricL  Consequently,  ^  research  t^es  an  LES  approadi  to 
siirralatBthe  hi^-pressure  ram  acederator  environment.  The  goal  is  to  start  with  frmdamental  unit 


probkms  and  ascotain  die  utility  and  necessity  of  various  sul^d  modds  in  the  complex  ram  accderator 
flowfield.  The  first  unit  problem  ooosideied  is  a  backward  facing  stq)  similar  to  the  ram  accderator  wake 

regioo.  In  the  iMiMUiuter  of  this  aectinn,  die  effect  nf  th«i  suhgrid  nn  tlift  simulation  nf  vnrtinf  shatMing  in  thft 

wake  rqpon  is  discussed. 

The  unsteaffy  flow  in  an  axisymmetric  ducted  flow  with  a  badcward-facing  dep  has  been  simulated 
widi  and  without  a  sttbgridmodd.  Tbegeometry  is  similar  to  that  used  by  Menoo  [2].  Hiebadcward- 
fiicing  in  diis  geometry  leads  to  periodic  vortex  shedding  fifom  the  edge  of  die  stq>.  The  Reynolds  number 
based  on  the  stqi  heis^  and  the  inlet  vdodty  is  rtoProx^inddy  S.OOO.  The  boundary  conditions  used  are  as 
fallows;  ix>dip  conditioas  at  die  solid  walls  and  symmetry  cooditioos  at  the  centoiine.  Atdieinflow 
boundary,  die  flow  is  assumed  to  be  in  the  axial  direction  widi  unifarm  a  stagnation  pressure  of  0.23 
atmosphores,  a  stagnation  tenqieratureofSOO^’K,  and  a  Mach  number  of  0.23.  Since  die  inflow  is 
subsonic,  only  three  of  die  flxir  conditioos  can  be  spedfied  and  the  fiMirtfa  one  is  obtained  by  extrapolating 
the  characteristic  variable  corresponding  to  the  left-going  characteristic  fixxn  inside  fae  domain.  The  flow 
at  the  nozzle  exit  is  supersonic,  and  non  reflective  omditions  are  dierefare  used  at  the  outfarw  boundary. 

First,  a.  simulation  without  a  subgrid  model  was  perfarmed  fiir  approximately  25,000  time  stqis 
with  a  time  inocment  of  approximately  6  microsecoods.  The  "average"  Courant  number  utilized  was  about 
3.5.  The  reported  data  were  obtained  over  the  last  6,000  time  steps  after  periodic  vortex  shedding  had  been 
established.  The  pressure  fluctuations  normalized  with  time  mean  pressure  at  die  base  of  the  stqi  over  8 
shedding  cycles  are  diown  in  Figure  1.  The  peak-to-peak  amplitude  of  the  fluctuations  is  ^proximately 
five  percent  of  die  mean  pressure  level.  The  correspraiding  firequency  qiectra  of  die  pressure  fluctuations  is 
shown  in  Figure  2  and  die  dominant  modes  are  fau^  to  be  243Hz,  48aiz,  and  729Hz.  The  principle 
mode  agrees  exactly  widi  the  duct  longitudinal  acoustic  mode. 

The  tenqxiral  evolution  of  die  shedding  cycle  is  best  illustrated  by  die  contours  of  the  fluctuating 
compoaent  of  die  spanwise  vorticity.  A  set  of  instantaneous  plots  of  fluctuatiqg  qianwise  vortidy  at 
sevoal  time  intervals  is  shown  in  Figure  3.  A  time  interval  of  4.1ms  represents  one  characteristic  stuxMing 
Q^cle,  i.e.,  a  vortex  passage  fiequency  of 243Hz.  As  die  sqiarated  shear  layer  generated  at  die  comer  of 
fae  step  becomes  uiistable,  a  vortex  grows  at  die  edge  ofdie  shear  layer.  A  complex  sequence  of  vortex 
merging  occurs  before  the  vortex  detaches  flom  the  shear  layer  and  rolls  into  an  indqiendent  structure 
^di  is  then  convected  by  die  local  flow. 

Next,  calculations  are  perfarmed  widi  a  compressible  extension  of  die  Smagorinsky  subgrid  modd 
[3].  The  solution  was  integrated  in  time  for  16,000  steps,  and  the  results  from  the  last  5,000  steps  are 
presented.  The  pressure  fluctuations  at  the  base  of  the  stq>  are  shown  in  Figure  4,  and  the  frequency 
spectra  of  die  pressure  fluctuations  is  shown  in  Figure  5.  The  dominant  frequency  of  fluctuations  is  243Hz 
and  the  peak-to-peak  amplitude  of  the  fluctuations  is  ^proximately  five  percent  of  die  mean  pressure. 

Widi  the  subgrid  model  included,  the  pressure  fluctuatimis  are  more  periodic.  A  comparison  of  the  spectra 
farther  reveals  that  subgrid  stresses  attenuate  the  high  firequency  randonmess  evident  in  die  simulations 
widmut  subgrid  stresses. 

2.  Diagpqsflgg  R^S^qrph; 

The  experimental  research  is  focused  on  the  development  and  utilization  of  optical  diagnostic 
tedmiques  for  a  high-pressure  cranbustion  enviixmment  typical  of  the  ram  accelerator.  The  goal  is  to 
obtain  flow  visualization  data  in  the  high  pressure  regime  for  validation  of  the  CFD  models.  Four  optical 
tedmiques  have  been  selected  for  investigation:  Schlieren  photography,  x-ray  shadowgnqihy,  emission 
qiectroscopy,  and  single-pulseplanar  imaging  using  Raylei^  scattering.  These  techniques  have  been 
utilized  by  odier  researches  at  sub-atmospheric  pressures,  and  in  diis  research  the  feasibility  of  flying 
eadi  of  these  techniques  at  higher  pressures  will  be  investigated.  Initial  work  has  been  widi  Schlieren 
shadowgraply  and  emission  spectroscopy. 

Since  die  ram  accelerator  is  not  condudve  for  optical  diagnostic  development,  an  independoit 
shodc-induced  combustion  device  was  designed,  built  ai^  tested  last  year.  The  device  consists  of  a  light 
gas  gun  diat  injects  10mm  diameter  spherically  blunted  cylinders,  "models,"  into  a  test  chamber  filled  with 
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a  selected  flammable  gas  mixture.  Modds  have  been  iiyecled  into  metbaoe/oc^m  mixtures  at  velocities 
ranging  from  900  m/s  to  1100  m/s  .  At  sub^mnoepberic  pressures  with  a  stoidiiometnc  mixture, 
combustion  is  not  repeatsUy  adiieved,  a  finding  consistent  with  the  observatioos  by  Lehr  [4].  When 
combustion  does  occur,  a  detonation  front  travelii^  at  approximately  2100  m/s  is  observed.  This  velocity 
is  in  agreement  widi  theoretical  calculatioostrf  the  mixture's  Chapman-Jouguet  detonation  vdocity.  Shock- 
induced  combustion  is  not  observed  on  either  the  nose  or  bdiind  die  prcyectile.  The  device  is  being 
upgraded  to  include  a  two-^tage  U^t  gas  gun  injector  to  allow  for  injection  velocities  above  die  mixture 
detrmation  vdodty. 

To  further  invest^ate  the  detonation  characteristics  of  methane,  an  experiment  was  perfixmed 
with  an  oxygen-rich  mixture.  As  diown  in  Figure  6,  these  condhioos  did  not  1^  to  oombusdon. 
Consequent,  at  sub<atroospberic  pressures,  shodc-induced  combustion  and  detonation  widi  a  methane 
based  mixture  were  not  consistently  adiieved.  Future  experiments  will  focus  on  documenting  the 
detonation  characteristics  of  medume/oxygen  mixtures  and  on  determining  the  utility  of  die  optical 
diagnostic  tedmiques  at  hi^ier  pressures. 
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Figure  1.  Pressure  fluctuations  (normalized  with  time- 
mean  pressure)  at  the  base  of  the  step  with  no  subgrid 
model. 


Figure  2.  Frequency  spectra  of  pressure  fluctuations  at 
the  base  of  the  step  with  no  subgrid  model. 


229 


3.  Fhicfttttiag  oraipoiieiit  of  spanwise  (z)  vorticity  at  4  iilnsratiiig  the  temponl  evolutioii  of  a 

typical  vctttex  sbeddiiig  ^de. 
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Flfnre4.  Pressure  fluctuations  at  tbe  base  of  the  stq> 
when  the  subgrid  model  is  included. 


the  base  of  the  step  when  the  subgrid  model  is  included. 


Figure  6.  Schlieren  shadowgiairii  of  a  bemiqdiericalfy 
blunted  qrlinder  in  a  3:1 02:01(4  mixture  (pressure  » 
0.5  atm,  velocity  »  1  km/s).  Direction  of  travel  is  firom 
the  bottom  of  the  page  to  the  top. 
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SUMMARY/OVERVIEW 

Laser-based  imaging  te^niqnes  are  being  developed  and  applied  to  the  study  d  turbuloit 
reacting  flows.  These  techniques  incorporate  a  variety  of  light  scattering  mechanisms  to  allow  the 
measuronent  of  die  matial  diktibati(»is  of  tanpexatuie,  qiecies  concentrations,  velocity,  and  most 
reoendy,  die  mixtare  nacticML  The  data  provided  by  these  measurements  can  afford  a  better 
undersmnding  of  the  interaction  of  tutbulaice  and  (^ennstry  in  turbulent  flames.  Duringdmpast 
year,  we  have  o(»oenttated  <m  eaqiloring  die  capab^es  and  limitations  a  new  technique  fiv 
imaging  die  mixture  fraction  in  turbulent  nonpremixed  flames. 

TECHNICAL  DISCUSSION 

In  modeling  of  turbulent  nonpremixed  flames,  the  quantity  most  crften  used  to  describe  the 
flowisdiemixtiiiefractioo.  The  mbcture  fraction  is  denned  as  die  mass  firaction^  all  atoms 
originating  from  the  fuel  stream  and  is  one  of  many  p(»^le  conserved  scalars  that  can  be  defined 
in  flax^  Eadi  of  diese  omiserved  scalar  tpiantities  is  indepoideat  of  the  chemical  reaction. 

Under  idealised  oontfitions,  knowledge  of  a  single  conserved  scalar  can  be  used  to  derive 
essentially  an  of  die  scalar  quantities  ctf  interest  in  the  flow. 

Ejqwninait^y,  die  detenninaticm  of  the  trnxture  fiactkm  in  nonpremixed  flames  is  quite 
difficult  The  mixtuie  fraction  has  been  determined  at  a  single  pcnntfrtmimeasureimits  of  aU 
nu^  medes  using  ^xmtaneoos  Raman  scattering.  Tl»  data  from  single-point  measurements  are 
inct^lete^however,  because  of  die  lack  of  multi-dimensional  infiormation  required  to  obtain 
gradirats.  The  scalar  dissqiation,  (calculated  from  the  square  of  the  mixtute  faction  gradient), 
determines  die  rate  of  molecular  mixing  and  is  widely  u^  in  modeling  turbulent  reacting  flows. 
Therrfore,  techniques  oqiable  of  two-tfrmenskmal  (x  preferably  diree-<hmensional  measuremoits 
of  die  ntixture  fiia^n  are  needed. 

A  means  of  d^emnning  die  ntixtuie  fractim  without  measuring  all  of  the  major  species  has 
been  proposed  by  Sten  St&mer  and  Robert  Bilger  of  the  Univoshy  of  Sydney.  'Diey  have  shown 
that  ^  ntixture  fraction  can  be  detemtined  from  timnltaneous  measurement  of  only  two  quantities 
(with  die  assun^tion  of  unity  Lewis  number  and  a  one-step  reaction  between  friel  and  oxidizer). 
We  have  investiga^  three  different  oqierimental  qiproeches  to  detennuting  the  mixture  fraction  in 
turbulent  nonpreutixed  hydrocarbem  flames.  Each  of  Aese  techniques  is  b^ed  oa  simultaneous 
momtoting  of  the  fuel  concentratiem  and  Rayldg^  scattering.  The  main  differeiK*  in  die 
tqipioadies  is  die  means  for  determining  the  fuel  concentration.!  These  eiqmimoits  woe 
conducted  in  our  laboraiofy  with  die  collaboration  of  researchers  from  die  University  of  Sydn^. 

The  flame  selected  for  our  initial  study  was  a  turbulent  ncmpiemixed  acetaldehyde  flame.^ 
Acetaldehyde  (CH3CHO)  was  chosen  for  its  relatively  high  fluorescence  yield  and  small  variati(» 
of  fluoresemee  intensity  with  temperature,  vriiich  allows  the  fuel  concoitration  to  be  frxmd  directly 
from  die  acetaldehyde  fluorescence.  In  these  experiments,  the  flow  was  illuminated  by  two 
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ovetlapping  la^  sheets.  The  first,  fanned  fiom  die  second  harmonic  of  a  Nd:YAG  jaunped  dye 
laser,  omiiedflaofescencefipom  the  accralddiydefiicL  The  second  iUunmination!dieet,fit»n  a 
flashlamp-ptmoped  dye  laser,  exdted  Rayld^  scattering.  TIm  fuel  fluorescence  was  imaged  tmto  a 
gated-ino^inteasifier  that  was  optically  cotqiled  to  a  cooled  CXID  detector.  TheRayleig^ 
scattering  was  imaged  onto  a  sepaately  gated  intrasifier  optically  coupled  to  die  sec^  CXI> 
detector. 

The  raw  images  were  corrected  for  background  and  nonuniform  detector  lei^xMise.  In 
addition,  since  the  magnification  of  the  two  knages  and  the  illuminaticm  sheet  size  were  different, 
the  necessary  rotation,  translation,  scaling,  and  crcq^g  were  ^lied  to  the  images  to  allow  diem 
tobeo(»npaiedonap^-by>pbcdbasis.  Thefuelwasanuxtureof  acetaldehyde  diluted  1/1  by  air 
(cm  a  mass  basis)  to  eliminate  soot  It  emanated  £mn  a  piloted  burner  (d  =  3.9  mm)  widi  a  vdodQr 
corresponding  to  Re  » 18,000.  The  flame  was  enshrouded  in  a  low  velocity  filter^  air  coflow  in 
order  to  keep  die  measuronent  area  clear  of  particles,  which  would  inteifane  widi  die  Raylei^ 
images. 

Preliminary  data  on  the  calculated  tenqierature  and  noixture  flaction  otoined  from  the 
instantaneous  l^^eis^uotescence  images  show  several  interesting  features.  (Hg.  1)  Evident  in 
the  teoqienttutemq^gs  are  the  hi^  temperature  zones  on  die  outer  edge  of  the  fhune.  As 
eiqpected,  die  mixtutefiiaction  peaks  in  the  unbtmed  regions  near  Ae  center  of  die  jet  A  closer 
inspectkm  of  die  mixture  fiaction  images  obtained  fixm  the  acetaldehyde  flame  shows  a  slight 
deoease  in  the  mixture  finction  on  the  rich  side  d  die  stoichiometric  value,  where  die  temperature 
has  not  yet  peaked.  A  similar  d^  in  the  mixture  fractional  the  rich  side  of  dw  flame  fiont  was 
noted  in  measurements  performed  in  a  laminar  flame.  One  e:q)lanati(»  of  diis  be^vior  is  pyndysis 
of  die  acetaldehyde  fuel  To  investigate  diis,  experiments  were  done  in  \riiichtteac(«dddiyde 
fluorescence  and  fuel  Raman  scattering  were  measured  shnidtaneonsly.  The  C-H  Ranmn  scattering 
should  be  relatively  insensitive  to  die  bteakqi  of  the  acetaldehyde  into  other  hydrocarbon 
fiagments.  The  fluorescence,  on  the  odierhaml,  is  expected  (»dy  from  die  ace^dehyde  nxdecule 
its^,  so  differences  in  die  Raman  and  fluorescence  traces  may  be  indicative  (^pyrolysis.  A 
comparison  was  made  acetalddiyde  fluorescence  and  C-H  Raman  intensity  aumg  lines 
intersecting  laminar  and  turbulent  flames.  (Ing.2)  in  both  cases,  the  agreement  was  quite  good 
despite  die  relatively  noisy  Raman  signal  These  r^ts  sui^port  die  assertion  diat  acetaldehyde 
fluorescence  is  a  gc^  alternative  to  Raman  scattering  as  a  means  ctf  marking  de  fud,  but  do  not 
eiqilain  die  anomalous  d^  in  the  mixture  fraction  on  die  fuel  rich  ride  d  the  stoichiometric  value. 

In  a  recent  codaboeatioii,  Peter  Lind.stedt(rfInq>etialC^^perfoniied  a  detailed  caJculatiCTi 
of  acetaldehyde  cbemistiy  in  an  qiposed  jet  configuration.^  The  results  shed  considerable  li^t  on 
the  nuxture  fraction  obtamed  in  our  aperiments.  Calculation  of  die  mixture  frataion  from  the 
corcpatedteiiqierature  and  fuel  mass  fiactum  using  the  two  scalar  schone  outlined  above  results  in 
a  dip  in  mixture  fraction  on  the  rich  side  of  die  flame  similar  to  diose  obtained  in  die  experiments. 
One  of  die  most  striking  features  of  die  calculation  is  die  high  amcentration  of  CO  (a  imTimnm 
mde  fraction  of  nearly  20%)  present  in  die  flame.  The  ccmitaisticn  characteristics  ^acetaldehyde 
a^iear  to  differ  significandy  from  diat  of  methane,  so  diat  die  two  s«*iar  a;^^roacdi  that  worked  well 
for  methane  and  propane  may  not  work  as  well  for  acetalddiyde. 

Anodier  technk^e  that  has  been  prc^osed  as  a  way  of  narking  the  fuel  in  hydrocarixin  flames 
is  to  introduce  acetone  as  a  tracer  and  det^acetcme  fluorescence.  Acetcme  is  eamy  seeded  into 
flows  and  has  only  mild  toxicity.  However,  an  unresolved  issue  rriated  to  the  use  of  acetone  as  a 
fid  tracer  in  flames  relates  to  tte  behavior  of  the  fluorescence  as  a  function  of  tenoperature.  To  test 
the  use  of  acetcme  as  a  fid  tracer  for  determinaticxi  of  mixtuie  factirai,  die  fluorescence/Ranian 
setup  described  above  was  used  to  investigate  laminar  and  turbulent  acetone-see^  mediane 
flanies.  The  acettme  was  seeded  into  the  methane  fiel  Ity  bubbling  mediane  duou^  liquid  aceuxie 
togtyeafinalmixtureof70%air,  25%  methane,  and  S%  acetcme  tty  volume.  A  laminar  flame  was 
stabilized  rai  a  1 6  mm  diameter  nozzle,  and  the  gas  mixture  had  a  Reynolds  number  of 700  at  the 
nozzleexit  Results  of  the  fluorescence/Raman  conqiaiiscMi  in  die  laminar  flame  show  a  clear 
dqurttro  between  the  rxmnalized  fluorescence  and  Raman  signals,  with  the  fluorescence  signal 
exceeding  die  Raman  signal  in  die  fid-rich  region  of  the  flame.  O^g.  3)  Thisb^vioris 
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coQsistait  widi  the  fluorescence  increasing  as  a  ftinction  of  tensperature  as  rqported  by  other 
researchers.  A  o(»qparisCTi  of  the  mnnalized  Raman  and  fluorKcence  signals  in  a  turtmleot  flame 
showed  similar  resv^  with  the  fli  orescence  si^ial  greater  than  the  Raman  signal  in  some 
locations. 

To  avoid  the  problems  idated  to  die  use  of  acetaldehyde  or  acetone  as  the  fuel,  a  set  of 
experiments  were  drae  in  which  die  ctHicentration  of  fuel  was  inferred  &om  the  Raman  grafting 
of  the  vibrational  C-H  stretch  of  mediane.  The  main  drawback  to  Raman  scattering  is  the 
extremely  small  Raman  scattering  cross  secticm  and,  consequendy,  the  di^ulty  in  getting 
sufiBcieiit  signals.  As  early  as  1985,  we  denxnstrated  simultaneous  Raman  and  Rayleigh  imaging, 
although  the  data  were  riot  used  to  deterixiiiiernixture  fraction.  Previous  Raman  imaging 
experiments  made  use  of  a  mult^s  optical  cell  to  form  die  ilinmination  sheet  In  diis  work,  a 
multipass  cell  was  not  used,  but  a  two-pass  arrangement  allowed  two  conqxxioits  of  die  scalar 
gradient  to  be  determined  ak»g  a  lin^. 

In  the  Raman  and  Raylei^  line  imaging  measurements,  a  flashlamp-pumped  dye  laser 
provi^  up  to  1 J  of  energy  at  532  tun.  The  beam  was  focused  into  the  flame  initially  by  a 
spherical  1^.  After  pas^g  through  the  flan^  the  beam  was  re-collimated  by  a  second  lens, 
reflected  from  a  planar  mirm,  and  refocused  into  the  flame.  The  two  beams  were  aligned  so  that 
the  reflected  beam  passed  ju^  over  the  top  trf  the  incoming  beara  This  two-beam  appr^ch 
aUowed  gradients  to  be  obtained  in  both  ^radial  arid  axial  directioiis.  The  beam  waist  was 
measured  to  be  0.6  mm. 

The  scattered  Raman  and  Rayleigh  lig^t  was  detected  by  two  intensified  CCD  detectors 
oriented  perpendicular  to  the  laser  bet^  The  taw  Rariianai^Raylei^lirie  images  were  corrected 
for  background  and  nonuniform  detector  response.  In  addition,  the  necessary  rotaticm,  ttanslaticm, 
scaling,  and  ciOf|wg  were  applied  to  the  images  to  allow  diem  to  be  coo^ar^  on  a  pixel-by-pixel 
basis.  The  resultnginiagesaxisist  of  two  Im^  radially  across  the  flow  corresponding  to  die  inain 
and  reflected  beams  widi  a  pixel  resoluticm  of  021  x  0.45  x  0.6  mm^.  (Fig.  4) 

The  flaineiiivestigated  was  an  axisyoometric,  piloted  inediane-air  flame.  The  main  fuel  nozrie 
had  a  diameter  of  3.8  mm.  The  main  jet  was  suirouiidted  by  an  armularpremixed  pilot  fiarne  (pilot 
dtameter  15  mm).  A  low  ^eedaimniarcaflow  of  filtered  air  surrounded  die  burnt?  to  eliminate 
particles  fixxn  die  flow,  wb^h  would  interfere  widi  the  Rayleigh  scattering.  The  methane  was 
diluted  3A  on  a  volume  basis  to  eliminate  soot  The  Reynolds  nuixiber  was  20,6(X)airi  foe  beams 
intersected  die  flow  25  nozzle  diameters  downstreaoL  The  signal/hoise  for  the  ambient  air  in  die 
Rayleigh  ima^  is  •>  2(X).  Because  of  foe  weakness  of  the  Raman  signal,  die  signalAidise  for 
foose  imag^  is  roughly  15.  Sets  of  500  instantaneous  shots  were  taken  at  a  number  of  different 
locations  widiin  the  fiaine  to  allow  statistical  charactetizatimi  of  the  mixture  fraction  and  die  scalar 
dissipation.  A  complete  description  of  the  results  obtained  from  diis  measurement  approach  has 
been  accqited  for  presentation  at  the  Twen^  Hfth  International  Symposium  (m  Confoustion.^ 
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SUMMARY 

The  overall  objective  of  the  research  project  is  to  develop,  test  and  demonstrate  a  combined  methodology 
for  modelling  turbulent  combustion.  The  three  principal  ingredients  in  the  method  are:  manifold  methods 
for  simplifying  the  chemical  kinetics;  the  EMST  mixing  model;  and,  the  PDF  method  for  treating  the 
inhomogeneous  turbulent  reactive  flows.  When  developed,  the  method  will  be  applied  to  piloted  jet  diffusion 
flames,  and  comparison  will  be  made  with  the  available  experimental  data. 

INTRODUCTION 

In  the  following  three  sections,  recent  progress  is  described  on  manifold  methods,  the  EMST  mixing 
model,  and  application  of  PDF  methods  to  piloted  jet  diffusion  flames. 

MANIFOLD  METHODS 

Otir  quantitative  knowledge  of  combustion  chemistry  is  embodied  in  detailed  reaction  mechanisms,  which 
continue  to  advance  in  their  scope  and  accuracy.  In  computations  of  combustion  in  complex  flows  (e.g.  mul¬ 
tidimensional  laminar  flows,  turbulence  simulations  or  turbulent  combustion  modelling)  the  computational 
cost  of  using  a  detailed  reaction  mechanism  is  excessive,  and  usually  prohibitive.  Consequently,  there  is  mo¬ 
tivation  to  develop  computationally-simpler  approximate  methods  based  on  detailed  reaction  mechanisms. 

A  fundamental  assumption  in  all  simplification  strategies—made  solicit  in  manifold  methods — is  that 
the  thermochemical  compositions  everywhere  in  a  reactive  flow  lie  close  to  a  low-dimensional  manifold  in 
the  high-dimensional  composition  space.  We  previously  developed  the  Intrinsic  Low-Dimensional  Manifold 
method  (ILDM)  (Maas  &  Pope  1992a,  b),  and  have  recently  shown  that  it  is  accurate  in  application  to 
premixed  laminar  flames  (Maas  &  Pope,  1994). 

We  recently  developed  an  alternative  Il'ajectory-Generated  Low-Dimensional  Manifold  method  (TGLDM) 
(Pope  &  Maas  1993),  which  has  some  advantages.  Figures  1  and  2  show  the  application  of  the  ID  and  2D 
TGLDM  method  to  a  transient  perfectly-stirred  reactor  operating  on  a  CO/H2/N2-air  mixture.  It  may  be 
seen  that  the  2D  method  is  accurate  both  for  major  and  minor  species. 

EMST  MIXING  MODEL 

The  term  ‘hnbdng  model"  refers  to  a  turbulence  sub-model  that  describes  the  evolution  of  the  pdf  of 
composition.  In  the  Lagrangian-pdf  framework,  the  mixing  model  specifies  how  the  composition  evolves 
following  a  fluid  particle.  In  one  popular  model  (lEM)  4f(t)  relaxes  to  the  local  mean  value  (<^)  at  a  specified 
rate.  In  another  class  of  models  (particle-interaction  models),  the  composition  of  the  n-th  peirticle  in  an 
ensemble  <^^”^(t)  changes  bv  an  exchange  with  another  randomly  selected  particle  (m,  say.  with  composition 

Such  mixing  models  have  been  extensively  examined  for  inert  flows  (e.g.  Pope  1982)  and  severed  short¬ 
comings  have  been  identified  and  are  now  well-appreciated.  More  recently  a  different  shortcoming — peculiar 
to  reacting  fiows — has  been  identified.  Specifically,  the  physics  of  the  problem  shows  that  mixing  is  local  in 
composition  space  whereas  the  models  cited  above  are  non-local. 

We  have  developed  a  model  which  is  asymptotically  local,  and  which  reduces  to  the  mapping  closure  in 
the  one-composition  case.  It  is  based  on  Euclidean  minimum  spanning  trees  (EMST).  An  example  of  an 
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BMST  (for  4D,  N  =  400)  is  shown  in  Fig.  3.  By  definition,  the  EMST  is  the  set  of  edges  joining  the  points, 
such  that  all  points  are  connected,  with  the  N  -1  edges  chosen  (out  of  the  N~‘^  possibilities)  so  that  then- 
total  length  is  minimal.  By  this  construction,  one  or  more  neighbors  are  identified  for  each  particle. 

This  model  ^  been  implemented  and  tested  in  up  to  10  dimensions.  Figure  4  shows  results  horn  a 
revealing  test  case  in  which  there  is  a  mean  scsdar  gradient.  In  this  instance,  the  variance  (and  indeed 
all  other  statistics)  attains  a  stationary  value.  The  results  agree  well  with  experiments  and  DNS,  and  the 
skewness  and  kurtosis  are  close  to  Gaussian  values. 

PILOTED  JET  DIFFUSION  FLAMES 

The  objective  of  the  project  is  to  combine  manifold  methods,  the  EMST  mixing  model  and  PDF  methods 
to  make  calculations  of  piloted  jet  diffusion  fiames.  We  have  performed  some  preliminary  studies  using  the 
simpler  and  more  conventional  lEM  model  (Norris  1993,  Norris  &  Pope  1994). 

Figures  5  and  6  compare  experimentsd  and  calculated  scatter  plots  in  a  piloted  jet  difirusion  fiame  at 
two  different  jet  velocities.  The  fuel  is  a  CO IH2IN2  mixture,  and  the  measurement  location  is  at  xjD  = 
10,  r/D  =  0.9.  At  the  lower  jet  velocity  (Fig.  5)  it  may  be  seen  that  the  calculations  accurately  reproduce 
the  measured  conditional  means.  Evidently  the  experimental  data  show  more  scatter  about  this  conditional 
mean  than  do  the  calculations.  The  extent  to  which  this  difference  can  be  attributed  to  experimental  error 
is  an  open  question. 

At  the  higher  jet  velocity  (Fig.  6)  the  fiame  is  close  to  being  extinguished.  The  calculations  are  in  accord 
with  the  data  showing  almost  complete  extinction  except  close  to  stoichiometric. 
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Fig.  6:  Scatter  plots  of  species  mass  fractions  against  mixture  fraction  in  a 
piloted  COZ/fj/Aj-air  turbulent  jet  diffusion  flame,  with  jet  velocity 
164  m/s. 
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SUMMARY/OVERVIEW:  The  Air  Force  Office  of  Scientific  Research  (AFOSR) 
program  in  propulsion  diagnostics  currently  is  focused  on  three  areas  of  study:  gas-phase 
measurements,  plasmas,  and  particle/droplet  measurements.  An  assessment  of  major 
research  needs  in  each  of  these  areas  is  presented. 

TECHNICAL  DISCUSSION 

AFOSR  is  the  single  manager  for  Air  Force  basic  research,  including  efforts  based  on 
external  proposals  and  in-house  work  at  Air  Force  laboratories.  The  propulsion 
diagnostics  subarea  is  assigned  to  the  AFOSR  Directorate  of  Aerospace  and  Engineoing 
Sciences  along  with  programs  in  rocket  propulsion,  airbreathing  combustion,  and  fluid 
and  solid  mechanics. 

Bitoests  of  die  AFOSR  propulsion  diagnostics  subarea  are  given  in  the  SUMMARY 
section  above.  This  program,  now  in  its  eleventh  year,  has  produced  many  "first-ever" 
laser-tuised  measurements.  The  instrumentation  with  which  these  measurements  wac 
made  is  becoming  commonly  available  for  laboratory  and  bench  test  utilization. 
Measurements  range  from  microscopic  to  macroscopic  s^es  with  relevance  to;  plasma 
acceleration;  combustion  aerothermochemistry;  the  behavior  and  synthesis  of  advanced 
energetic  materials;  characterization  of  exhaust  plume  formation  and  radiation;  and 
dynamic  control  of  propulsion,  weapon  and  power  generation  systems. 

Decisions  on  support  for  research  proposals  are  based  on  scientific  opportunities  and 
technology  needs.  Research  areas  with  the  greatest  growdi  potential  are  plasmas  and 
measurements  in  supocritical  fluids. 

In  the  rapidly  changing  international  environment  we  also  are  examining  how  we  conduct 
our  research  activities  in  relation  to  both  Air  Force  and  civilian  needs.  We  now 
recognize  a  new  set  of  research  objectives,  including  achieving  rapid  technology 
transitioning  and  dual  military  and  civilian  technological  use  for  Air  Force  basic  research. 
A  new  concept  under  consideration  by  AFOSR  is  the  establishment  of  multi-investigator 
university  research  centers  with  links  to  industry  and  the  Air  Force  laboratories  to 
enhance  the  university-industry-Govemment  research  infrastructure. 
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We  wdccnne  your  ideas  on  fostering  better  working  relationships  among  universities, 
industry,  and  Government  scientists  and  technologists. 

The  purpose  of  this  abstr^t  has  been  to  communicate  AFOSR  perceptions  of  research 
trends  to  the  university  and  industrial  research  communities.  However,  conununication 
from  diose  communities  back  to  AFOSR  also  is  desirable  and  essential  for  creating  new 
research  opportunities.  Therefore,  all  proposals  and  inquiries  for  fundamental  research 
are  encouraged  even  if  the  content  does  not  fall  within  the  areas  of  emphasis  described 
herein.  Comments  and  criticisms  of  current  AFOSR  programs  also  are  welcome. 
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SUMMARY/OVERVIEW:  The  Air  Force  Office  of  Scientific  Research  (AFOSR) 
program  in  airbreathing  ccunbustion  cunently  is  focused  on  seven  areas  of  study: 
siq)ersonic  combustion,  reacting  flow,  soot,  sprays,  kinetics,  ram  accelerates,  and 
siq)eicritical  fuel  behavie.  An  assessment  of  major  research  needs  in  each  of  these  areas 
is  presented. 

TECHNICAL  DISCUSSION 

AFOSR  is  the  single  manager  for  Ak  Force  basic  research,  including  efforts  based  on 
external  proposals  and  in-house  work  at  Air  Force  laboratories.  Airbreathing  combustion 
is  assigned  to  die  AFOSR  Directorate  of  Aerospace  and  Engineoing  Sciences  along  with 
programs  in  rocket  propulsion,  propulsioa  diagnostics,  and  fluid  and  solid  mechanics. 

Interests  of  the  AFOSR  aiibreathing  combustion  subarea  are  given  in  the  SUMMARY 
section  above.  Many  achievements  can  be  cited  for  these  intoests,  yet  imposing 
fundamratal  research  challenges  remain.  The  objective  of  the  program  is  publications  in 
the  refereed  scientific  literature  describing  significant  new  understanding  of  multiphase 
turinilent  reacting  flow.  Incremental  improvements  to  existing  scientific  sqiproaches, 
hardware  development,  and  computer  codes  fall  outside  the  scope  of  this  objective. 

Decisions  on  sujqport  for  research  proposals  are  based  on  scientific  opportunities  and 
technology  needs.  In  recent  years  two  major  emjdiases  have  defined  the  main  thrusts  of 
this  research  activity:  supersonic  comWtion  to  support  hypersonic  aiibreathing 
propulsion  technology  and  issues  affecting  the  future  utilization  of  hydrocarbon  fuels. 
Starting  in  1987  new  research  efforts  were  directed  at  novel  means  for  achieving  ignition, 
combustion  ^ancement,  low-loss  fiameholding,  and  complete  chemical  energy  release 
in  supo^nic  combustion.  The  year  1989  saw  new  research  in  interactive  control  of  fluid 
transport  processes.  These  opportunities  reflect  a  genoic  interest  in  interdisciplinary 
dforts  between  researchers  in  control  theory  and  fluid  transport  behavior.  For 
hyposonic  propulsion  a  particular  focus  of  interactive  flow  control  is  the  investigation  of 
means  to  ovocome  the  suiqnession  of  mixing  that  high  Mach  number  flows  experience 
in  relation  to  subsonic  flows. 
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Future  systems  will  require  fuels  to  absorb  substantial  thermal  “nergy,  raising  fuel 
(en^Kfatures  to  supercritical  thermodynamic  conditions.  Understai^Jing  and  controlling 
fuel  properties  at  diese  conditions  will  be  crucial  for  avoiding  thermal  degradation  and 
for  subsequent  processes  within  the  combustor.  Environmental  conc^s  and  the 
availability  of  petroleum  supplies  also  will  contribute  to  future  propulsion  system  design 
and  qperati<Mud  needs. 

Designing  propulsion  systems  that  will  offer  reliability,  maintainability  and  long  service 
life  represents  a  new  motivation  for  propulsion  research.  Future  budgets  likely  will 
dictate  die  acquisition  of  reduced  quantities  of  new  operational  aerospace  vehicles,  with  a 
coneqxmding  increase  in  requirements  for  durability.  Research  topics  such  as  soot  and 
supercritical  fuel  behavior  will  be  relevant  to  diese  new  service  constraints. 

With  funding  provided  by  the  Department  of  Defense,  AFOSR  will  sponsor  a  Focused 
Research  Initiative  on  high  performance,  low  emissions  gas  turbine  combustors. 
RifonnaticMi  for  submitting  proposals  to  this  initiative  is  given  in  a  recently  issued  Broad 
Agency  Announcenmit  In  the  rapidly  changing  international  environment  we  also  are 
examining  how  we  conduct  our  research  activities  in  relation  to  both  Air  Force  and 
civilian  needs.  We  now  recognize  a  new  set  of  research  objectives,  including  achieving 
rapid  technology  transitioning  and  dual  military  and  civiliw  technological  use  for  Air 
Force  basic  research.  Through  this  initiative  we  hope  to  fost^  better  working 
relationsh^s  amrnig  universities,  industry,  and  Government  scientists  and  technologists. 

A  new  concept  under  consideration  by  AFOSR  is  the  establishment  of  multi-investigator 
univosity  research  centos  with  links  to  industry  and  the  Air  Force  laboratories.  These 
colters  also  are  intended  to  enhance  the  university-industry-Govemment  research 
infrastructure. 

The  purpose  of  this  abstract  has  been  to  communicate  AFOSR  perceptions  of  research 
treiKls  to  tile  university  and  industrial  research  communities.  However,  communication 
from  tiiose  communities  back  to  AFOSR  also  is  desirable  and  essential  for  creating  new 
research  opportunities.  Therefore,  all  proposals  and  inquiries  for  fundamental  research 
are  encouraged  even  if  the  content  does  not  fall  within  tiie  areas  of  emphasis  described 
herein.  Comments  and  criticisms  of  current  AFOSR  programs  also  are  welcome. 
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THEORIES  OF  TURBULENT  COMBUSTION  IN  HIGH  SPEED  FLOWS 
(AFOSR  Grant  No.  F49620-92-J0184) 

Principal  Investigators:  F.  A.  Williams  and  P.  A.  Libby 

Department  of  Applied  Mechanics  and  Engineering  Sciences 
University  of  California  San  Diego,  La  Jolla,  CA  92093*0310 

SUMMARY/OVERVIEW 

The  objective  of  this  research  is  to  improve  onr  understanding  of  the  chemical  kinetics  and  fluid 
dynamics  of  turbulent  combustion  in  high  speed  flows.  At  present  emphasu  is  being  placed  on 
understanding  the  ignition  processes  in  nonpremixed  counterflow  systems  of  hydrogen  and  air.  In 
addition,  to  understand  the  effects  of  heat  release  on  the  high-speed  compressible  turbulence  a 
direct  numerical  simulation  study  is  also  bring  initiated.  The  results  may  help  to  improve  abilities 
to  design  propulsion  systems  that  employ  high-speed  turbulent  combustion. 

TECHNICAL  DISCUSSION 

The  previous  summary  described  research  on  ignition  in  hydrogen-air  mixtures,  on  nonpremixed 
flames  in  stagnating  turbulence  and  on  structures  of  counterflow  diffusion  flames  with  small  stoi¬ 
chiometric  mixture  fractions.  The  complete  refoence  citation  for  publication  of  the  work  on  the 
last  of  these  topics  was  not  available  last  year  and  therefore  is  included  here  as  the  flrst  reference  [1]. 
The  present  sununary  focuses  on  the  new  research  performed  during  the  past  year.  This  researdi 
empharizes  ignition  phenomena  as  well  as  extinction,  introduces  methods  of  bifurcation  theory  and 
offers  some  experimental  measurements  to  test  theoretical  predictions. 

This  research  emphasizes  the  flamelet  re^me  of  turbulent  diflFusion  flames.  It  is  important  to 
use  the  most  up-to-date  information  to  assess  whether  applications  are  most  likdy  to  fall  in  flamriet 
(flame-sheet)  or  distributed-reaction  re^mes.  Such  assessments  have  recently  been  completed  for 
hypersonic  propulsion  employing  hydrogen-air  diffusion  flames  [2],  and  the  results  support  continued 
emphasis  on  the  flamelet  regime.  Attention  was  thus  focus^  on  flamelets  in  the  hydrogen-air 
system,  and  four  separate  studies  presently  underway  are  reported  here,  all  of  them  involving 
counterflowing  configurations  in  one  way  or  another. 

Numerical  Investigation  of  Ignition  in  Hydrogen- Air  Mixtures 

The  critical  parameters  and  the  structure  of  the  ignition  kernel  in  hydrogen-air  nonpremixed  coun¬ 
terflowing  configurations  were  calculated  for  a  range  of  pressures  from  0.5  to  40  atmospheres,  for 
a  range  of  initial  temperatures  and  for  a  range  of  equivalence  ratio.  The  conservation  equations 
for  the  counterflow  system  with  an  updated  chemical  mechanism  [2]  were  numerically  integrated 
using  the  arc-tracing  continuation  technique  [3].  The  results  of  such  complete  calculations  are  not 
only  useful  for  assessing  the  adequateness  of  various  approximate  models  required  in  theoretical 
modding  and  in  large-scale  simulation  of  these  flames,  but  also  provide  guidance  for  combustor 
designers  concerning  the  ranges  of  operations  in  which  the  ignition  is  controlling. 

Representative  results  for  the  peak  temperature  as  a  function  of  the  strain  rate  are  shown  in 
Figs.  1  and  2.  The  extinction  strain  rate  for  hydrogen  flames,  unlike  that  for  methane  flames,  is 
seen  to  increase  rapidly  with  increasing  pressure.  These  results  are  consistent  with  the  dependences 
of  the  crossover  temperatures  on  the  pressures  for  the  two  fuels.  The  crossover  temperature  for 
hydrogen  flames  is  the  temperature  at  which  the  rate  of  the  chain  branching  reaction  H  +  O2 
OH  -b  0  becomes  equal  to  that  of  the  chain  termination  step  H  -H  O2  -1*  M  HO2  +  M, 
while  for  methane  flame  the  rate  of  the  branching  step  is  to  be  compared  with  the  rate  of  the 
radical-removing  step  CH4  -I-  H  CH3  +  H2,  which  is  bimolecular  rather  than  three-body. 
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Tlic  critical  strain  rate  for  ignition  is  seen  to  be  very  sensitive  to  the  oxidizer  temperature,  \bove 
a  transition  value  of  the  oxidizer  temperature,  no  abrupt  ignition  or  extinction  phenomena  are 
observed.  Thir  transition  temperature,  which  is  slightly  larger  than  the  crossover  temperature  for 
reasons  discussed  bdow,  is  shown  along  with  the  corresponding  transition  strain  rate  as  a  function 
of  pressure  in  the  inset  of  Fig.  2.  As  the  oxidizer  temperature  is  reduced  the  critical  ignition  strain 
rate  decreases  rapidly  and  soon  reaches  values  where  the  convective  effects  of  the  flowfield  have  a 
minimal  influence  on  the  ignition  processes.  In  addition,  the  middle  branch  of  the  S-curve  is  seen 
to  approach  the  frozen  branch  increasingly  tangentially  with  decreasing  oxidizer  temperature.  It 
is  extremely  difficult  to  determine  the  ignition  strain  rate  accurately  by  the  continuation  method 
for  these  cases;  the  solutions  are  extremely  sensitive  to  the  initial  conditions  and  may  converge  to 
the  middle  branch.  It  is  uncertain  whether  any  currently  available  computational  ^proach  can 
circumvent  this  difficulty  and  attention  is  being  ^ven  to  this  question. 

Another  application  of  the  results  from  full  integrations  relates  to  the  assessment  of  reduced 
mechanisms  for  the  treatment  of  hydrogen  oxidation  in  practical  devices.  In  the  calculation  of 
multidimensional  problems,  it  is  computationally  desirable  to  reduce  the  number  of  species  that 
must  be  taken  into  account.  A  four-step  mechanism  was  obtained  by  imposing  steady-state  ap¬ 
proximations  for  HO3  and  H3O3.  Three  different  three-step  mechanism  results  from  the  four-step 
scheme  by  introducing  a  steady-state  approximation  for  O  or  OH,  or  by  employing  steady  states 
for  both  0  and  OH  simultaneously  and  relaxing  the  HO3  steady-state  assumption.  Finally  a  two- 
step  mechanism  is  obtained  by  putting  all  spedes  except  H  in  steady  state.  Figure  3  shows  the 
peak  temperature  as  a  function  of  the  strain  rate,  according  to  the  prediction  of  the  full  and  these 
reduced  chemical  schemes  for  a  diluted  hydrogen-air  diffusion  flame  at  atmospheric  pressure;  re¬ 
sults  are  similar  without  dilution.  It  is  found  that  the  two-step  chemistry  gives  higher  maximum 
temperature  consistent  with  the  higher  H  concentration  predicted  by  the  two-step  chemistry  in 
the  reaction  zone,  yet  the  extinction  and  ignition  strain  rates  differ  only  by  approximately  10% 
and  15%,  respectively  for  the  undiluted  flames  and  up  to  25%  and  40%,  respectively  for  extreme 
dilntions  (15%  molar  concentration  of  H3  in  the  fuel  stream.)  It  is  interesting  to  observe  from 
the  intermediate  curves  in  Fig.  3  that  the  discrepancy  between  the  predictions  of  the  two-step  and 
fnfl-mechanisms  arises  largely  from  the  0  steady-state  assumption.  On  the  other  hand,  calculations 
imposing  H  steady-state  with  the  0  steady-state  relaxed  gave  results  too  poor  to  plot  on  the  figure, 
thus  suggesting  that  though  the  ignition  may  occur  far  on  the  air  side  of  the  mixing  layer,  the 
attack  of  H-atoms  on  O3  (the  chain-branching  step)  still  plays  a  dominant  role  in  initiating  and 
propagating  the  ignition  process.  These  results  are  being  published  [3]. 

Asymptotic  Analysis  of  the  Ignition  Processes  in  Hydrogen- Air  Systems 

In  a  theoretical  study,  the  slope  of  the  ignition  branch  for  steady,  counterflow,  hydrogen-oxygen 
diffusion  flames,  with  dilution  permitted  in  both  streams,  was  investigated  for  two-step  reduced 
chemistry  by  methods  of  bifurcation  theory.  Attention  was  restricted  to  fuel-stream  temperatures 
less  than  or  equal  to  the  oxidizer-stream  temperature  Too  ^d  to  Too  larger  than  or  of  the  order  of 
the  crossover  temperature  at  which  the  rates  of  the  H  -i-  O3  chain-branching  and  chain-terminating 
steps  are  equal.  Two  types  of  solutions  were  identified,  a  frozen  solution  that  always  exists  in  this 
kinetic  approximation  because  all  rates  are  proportional  to  the  concentration  of  the  intermediate 
H  atom,  and  an  ignited  solution  that  bifurcates  from  the  frozen  solution  if  a  Damkohler  number 
constructed  from  the  strain  rate  and  the  rate  of  the  branching  step  R  -1-  O3  OH  0  is  increased 
to  a  critical  value  at  which  the  strain  rate  becomes  small  enough  for  autoignition  to  occur  in  this 
flow  fidd.  Along  the  ignited  branch,  the  ori^nal  two-step  chemistry  soon  fails  near  the  hot  oxidizer 
stream,  necessitating  consideration  of  0  -H  Hs  — »  OH  -t-  0  as  the  dominant  chain-branching  step, 
the  effect  of  which  was  induded  in  the  analysis  by  introducing  a  finite  position  of  H3  depletion, 
with  frozen  flow  beyond,  to  the  oxidizer  boundary.  The  critical  Damkohler  number  for  ignition, 
and  the  slope  of  the  curve  of  the  maximum  radical  concentration  as  a  function  of  Damkohler  at 
the  ignition  point,  were  calculated  parametrically  as  functions  of  the  hydrogen  Lewis  number,  and 
different  limiting  behaviors  were  clarified  for  Lewis  numbers  of  zero  and  unity.  It  was  shown  that 
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when  effects  of  chemicsl  heat  rd^tfe  are  neglected,  so  that  the  ignition  involves  only  a  branched- 
chain  explouon,  a  good  appraxdmation  at  sufficiently  high  Toe,  the  ignition  is  always  gradual  in 
the  sense  that  the  limiting  ignited-branch  slope  is  positive  (supercritical  bifurcation)  and  there  is 
no  S  curve.  At  high  Too  the  radical-production  step  alone  affords  a  good  one-step  approximation 
for  ignition,  but  its  heat  release  is  too  small  11  to  remove  the  gradual-ignition  behavior,  even  as 
Too  drops  bdow  crossover.  Near  crossover  it  becomes  necessary  to  include  the  radical-consumption 
step  as  wdl,  while  which  is  much  more  exothermic,  and  even  before  crossover  the  augmentation 
of  the  branched-chain  explosion  by  its  associated  heat  release  readily  produces  abrupt  ignition, 
a  negative  limiting  ignition-branch  slope  (subcritical  bifurcation)  which  leads  to  an  S  curve.  For 
Toe  somewhat  below  crossover,  the  branched-chain  contribution  to  ignition  ceases  entirely,  and  a 
thermal-explosion  character  must  devdop.  The  results  are  a  first  step  towards  analytical  description 
of  nonpremixed  H3-O3  autoignition.  This  work  is  being  published  [4]. 

Experimental  Investigation  of  Hydrogen- Air  Diffusion  Flames 

Most  of  the  research  on  hydrogen-air  diffusion  flames  has  been  of  a  theoretical  or  numerical  nature. 
Very  few  experiments  have  been  performed  to  test  the  detdled  numerical  diffusion-flame  models. 
To  remedy  this  deficiency,  an  experimental  investigation  was  initiated  to  ascertain  how  well  the 
chemical-kinetic  medianism  wluch  has  been  used  in  the  present  work  for  the  hydrogen-oxygen- 
nitrogen  systems  can  predict  meastired  diffusion-flame  extinction  conditions.  The  results  from  this 
study  are  shown  in  Fig.  4.  It  can  be  seen  that  the  measurements  and  computations  of  extinction 
strain  rates  for  an  axisymmetric  counterflow  configuration  agree  very  well  for  diluted  flames.  Ex¬ 
perimental  data  be^  to  depart  from  theory  at  the  highest  hydrogen  mole  fractions  shown  because 
of  the  onset  of  experimental  difficulties  that  prevent  good  tests  from  being  made  at  higher  hydrogen 
concentrations.  The  results  of  these  studies  have  been  accepted  for  publication  [5]. 

Nonpremixed  Flames  in  Stagnating  Tlirbulenc^ 

Our  analysis  of  nonpremixed  flames  in  stagnating  turbulence  is  continuing.  The  principal  focus  of 
this  study  is  the  comparison  of  theory  with  the  experimental  results  or  methane-air  flames  reported 
by  the  V^telaw  Group  at  Imperial  College.  Since  these  flames  occupy  approximately  40%  of  the 
gap  between  the  two  jets  carrying  the  turbulent  fud  and  oxidizer  streams,  the  thin  flame  analysis 
used  in  all  previous  treatments  of  flames  in  stagnating  turbulence  is  inapplicable  and  a  new  approach 
based  on  solving  the  conservation  equations  from  one  exit  plane  to  the  other  has  been  developed. 
Our  present  fluid  mechanical  treatment  is  based  on  the  k  -  c  theory  while  a  presumed  pdf-flame 
sheet  description  is  used  to  deal  with  the  chemistry.  The  numerical  analysis  of  the  resulting  system 
of  ordinary  differential  equations  is  extremely  difficult  but  solutions  have  now  been  obtained  and 
compared  with  experimental  data.  In  making  the  comparison  with  the  available  data,  we  confront 
the  problem  of  dealing  with  predictions  based  on  Favre-averaging  and  experimental  data  presumably 
involving  conventional  averaging.  Thus  in  the  present  case  only  fluid  mechanical  quantities  in  the 
two  constant  density  regions  outside  of  the  flame  and  the  state  variables  within  the  flame  are  subject 
to  comparison.  Somewhat  surprising  is  the  finding  of  qualitative  agreement  with  the  former  data 
but  excellent  agreement  with  the  latter.  We  intend  to  conclude  this  study  and  then  apply  the 
theory  to  hydrogen-air  flames  perhaps  with  a  Reynolds  stress  theory  for  the  description  of  the  fluid 
mechanical  behavior. 
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Flgoze  1:  The  vuiation  of  maxunnm  tem- 
peratuie  with  the  strain  rate  for  an  nndilated 
hydrogen-air  flame  at  atmospheric  pressure  and 
for  the  oorrespondiag  flame  in  which  the  hydro¬ 
gen  is  dflnted  with  nitrogen  to  60  m<de  percent 
nitrogen. 


Fignre  2:  The  variation  of  masimnm  tem¬ 
perature  with  the  strain  rate  for  an  nndilated 
hydrogen-air  flame  at  10  atmospheres  pressure 
and  in  the  inset  the  variation  with  pressure  of 
the  strain  rate  and  air  temperature  at  the  tran¬ 
sition  between  monotonic  and  nonmonotonic 
behavior. 
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Figure  3:  The  dependence  of  the  maximum 
flame  temperature  on  the  strain  rate  for  a  di¬ 
luted  hydrogen-air  flame  with  Taiv  =  1135  K, 
T/mi  =  300  K  and  p  =  t  atm,  as  obtained  with 
fufl  chemistry  and  with  two- ,  three-  and  four- 
step  mechanisms,  the  fuel  being  a  mixture  of 
hydn^en  with  nitrogen  having  60  mole  percent 
nitrogen. 


Figure  4:  Comparison  between  theory  em¬ 
ploying  full  chemistry  and  experiment  for  the 
dependence  of  the  air-side  extinction  strain 
rate  on  the  hydrogen  mole  fraction  in  the  fad 
stream  for  axisymmetric  counterflow  flames  of 
hydrogen-nitrogen  mixtures  with  air. 
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pearce@calspan,COM 
(716)  631-6789 
FAX:  631-6815 


Dr  Don  Penn 

OLAC  PL/RKLB 

Edwards  AFB  CA  93523-5000 

(805)275-5316 

AV525-5316 


Dr  Robert  Poeschel 
Plasma  Physics  Department 
Hughes  Research  Laboratories 
301 1  Malibu  Canyon  Road 
Malibu  CA  90265 
(213)317-5443 
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Dr  Dimes  Poulikakos 
University  of  liiinois 
(Chicago  Cirde) 

Dept  of  Medianical  Engg. 
Chicago  IL  60680 
(312)996-5239 
FAX:  413-0447 


Dr  Richard  Priem 
Priem  Consuitants 
13533  Mohawk  Traii 
Cleveland  OH  44130 
(216)845-1083 


Dr  Frederick  Reardon 
Cal  State  U.-Sacramento 
Dept  of  Mechanical  Engineering 
6000  J  Street 
Sacramento  CA  9561 6 
(916)278-6727 


Dr  Bob  Reed 

Sverdrup  Technology/AEDC 
1099  Avenue  C 
Amoid  AFB 
TN  37389-9013 
(615)454-7420 
FAX:454-4611 


Dr  Robert  Rhein 
Research  Chemist 
Code  3244 

Naval  Weapons  Center 
China  Lake  CA  93555-6001 
(619)939-7392 
AV  437-7310 


Dr  Edward  Price 
School  of  Aerospace  Engrg 
Georgia  Institute  of 
Technology 

Atlanta  GA  30332-0420 
(404)894-3063 


Dr  Lawrence  Quinn 
OLAC  PL/DYC 

Edwards  AFB  CA  93523-5000 
(805)275-5353 
AV  525-5353 


Dr  Mike  Redmond 

Hughes  STX 

OLAC  P17RKFE 

10  E.  Saturn  Blvd 

Edwards  AFB  CA  93524-7660 

(805)  275-5762 

FAX:  275-5471 


Dr  Russell  Reed 
Naval  Weapons  Center 
China  Lake  C A  93555-6001 
(619)939-7296 
AV437-7296 


Dr  JW  Rich 

Department  of  Mechanical  Engg 

206  West  1 8th  Ave 

The  Ohio  State  University 

Columbus  OH  43210 

(614)292-6309 

Fax:  292-3163 
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Or  Stephen  Rodgers 
OUC  PL/LKL” 

Stop  24 

Edwards  AFB  CA  93523-5000 

(805)275-5416 

AV525-5416 


Dr  David  Ross 

Director, Physical  Organic  Chem 
SRI  International 
333  Ravenswood  Avenue 
Menlo  Park  CA  94025-3696 
(415)859-2430 


Dr  Gabriel  Roy 
ONRCode1132P 
800  North  Quincy  Street 
Ariington  VA22217 
(202)696-4405 


Dr  Mark  Saiita 

Morton  Thiokol/Wasatch  Div 

MS280B 

PO  Box  524 

Brigham  City  UT  84302 

(801)863-2163 


Dr  Robert  Santoro 
Penn  State  University 
Mechanical  Engineering  Dept 
208  Mechanical  Engineering 
University  Park  PA  16801 
(814)863-1285 
FAX  865-3389 


Mr  Wayne  Roe 
OLAC  PL/XRX 
Stop  24 

Edwards  AFB  CA  93523-5000 

(805)275-5206 

AV525-5206 


Dr  J  Reece  Roth 

Dept  of  Elec  and  Comp  Engrg 

316  Ferris  Hall 

The  University  of  Tennessee 

Knoxville  TN  37996-2100 

(615)974-4446 


Dr  Len  Sakell 
AFOSR/NA 

110  Duncan  Ave,  Suite  B1 1 5 
Bolling  AFB  DC  20332-0001 
(202)767-4935 
AV297-4935 


Dr  Michael  Salkind 
President 

Ohio  Aerospace  Institute 
2001  Aerospace  Parkway 
Brookpark  OH  44142 
(216)891-2100 


Dr  Robert  Schmitt 

Chemistry  Lab 

SRI  International 

333  Ravenswood  Avenue 

Menlo  Park  CA  94025-3696 

(415)859-5579 
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Dr  Keith  Schofield 
Quantum  Institute 
University  of  California, 
Santa  Barbara 
Santa  Barbara  CA  93106 


Dr  Michael  Schuller 
Phillips  Lab/VTPN 
KiiHand  AFB 
Albuquerque  NM  871 1 7 
(505)846<2878 


Maj  Scott  Shackelford 
F  J  Seiler  Research  Laboratory 
United  States  Air  Force  Acad 
Colorado  Springs  CO  80840 
(719)472-2655 


Dr  Isaac  F  Silvera 
Harvard  University 
Department  of  Physics 
Cambridge  MA  02138 
(617)495-9075 


Dr  Tom  Smith 
Phillips  Laboratory 
OLAC  PURKFT 
8  Draco  Dr 

Edwards  AFB  CA  93524-7230 
(805)  275-5432 
FAX:  275-5034 
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Dr  Herbert  Schrade 
Institut  Fur  Raumfahrtantriabe 
Universitat  Stuttgart 
Pfaffenwaldring  31 
0-7000  Stuttgart  GE 
7116-852-383 
or  375 


Dr  liter  Serbetci 
Cleveland  State  University 
Mechanical  Engineering  Dept. 
MC-219 

Cleveland  OH  44115 
(216)687-2576 


Or  R  Shoureshi 
School  of  Mechanical 
Engineering 
Purdue  University 
West  Lafayette  IN  47907 
(317)494-5639 


Dr  William  Sirignano 
College  of  Engineering 
University  of  California 
Irvine  CA  92717 
(714)856-6002 


Dr  Mitchell  Smooke 
Mechanical  Engineering  Dept. 
Yale  University 
New  Haven  CT  06520 
(203)432-4344 


Dr  RortaM  Spores 

OLAC  PIASVE 

Edwards  AFB  CA  93523-5000 

(805)275-5766 

FAX:  (805)275-5203 


Dr  VV  Subramaniam 
Department  of  Mechanical  Engg 
206  West  18th  Avenue 
The  Ohio  State  University 
Columbus  OH  43210 
vsubrama@magnus.acs.ohio-state.edu 
(614)292-6096 
FAX:  (614)292-3163 


Dr  Douglas  Talley 

OLAC  PURKFT 

Edwards  AFB  CA  93523-5000 

(805)275-6174 

AV525-6174 


Dr  Steve  Taylor 
California  Inst,  of  Tech. 
Computer  Science 
Mail  Code  256-80 
Pasadena  CA  91125 
steve@scp.caltech.edu 
(818)395-6844 
FAX:  792-4257 


Dr  Julian  Tishkoff 
AFOSR/NA 

110  Duncan  Ave, Suite  B1 15 
Bolling  AFB  DC  20332-0001 
(202)767-0465 
AV297-0465 


Or  William  C  Stwailey 
The  University  of  Iowa 
Iowa  Laser  Facility 
Chemistry  and  Physics 
Iowa  City  lA  52242-1294 
(319)335-1299 


Dr  Bagher  M  Tabibi 
Department  of  Physics 
Hampton  University 
Hampton  VA  23668 
(804)727-5277 
FAX:  (804)727-5955 


Mr  Robert  L  Talley 
Viritay  Technologoies,  Inc 
4845  Millersport  Highway 
East  Amherst  NY  14051 
(716)689-0177 


Dr  James  Tien 
Case  Western  Resenre 
University 

Glennan  Building,  Room  415 
Cleveland  OH  44106 
(216)368-4581 


Prof  William  Trogler 
Department  of  Chemistry 
University  of  California,  San 
Diego 

La  Jolla  CA  92093-0310 
(619)452-6175 
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Dr  Wing  Tsang 
Nation^  Institute  of  Standard 
and  Technology 
Chemical  Kinetics  division 
Gaithersburg  MD  20899 
(301)975-3507 


Dr  Gammy  Vsyianni 

OLAC  PL/RKFA 

Hughes  STX 

10  E.  Saturn  Blvd 

Edwards  AFB  CA  93524-7660 

(805)275-5657 

Fax:(805)275-6233 


Dr  Robert  Vondra 
PO  Box  596 
Wrightwood  CA  92397 
(619)249-3451 


Dr  Paul  Waltrup 
Johns  Hopkins  University 
Applied  Physics  Laboratory 
Johns  Hopkins  Road 
Laurel  MD  20707 
(301)953-5000 
ext  41 86 


Dr  Richard  Weiss 
OLAC  PUCA 

Edwards  AFB  CA  93523-5000 

(805)275-5622 

AV525-5622 


Dr  Peter  Turchi 
Aero/Astro  Engineering 
328  CAE  Building 
Ohio  State  University 
Columbus  OH  43210 
(614)292-2691 


Dr  Phillip  L  Varghese 
ASE-EM  DEPT. 

University  of  Texas,  Austin 
Austin  TX  78712 
varghese@cfdlab.ae.utexas.edu 
(512)471-3110 
Fax:471-3788 


Dr  Francois  Vuillot 
Office  National  D'Etudes  et  de 
resherches  Aerospatiales 
29,Ave  de  la  Division  Lecherc 
Chatillon-sous-Bagneux  France 


Dr  David  Weaver 

OLAC  PUDYCR 

Edwards  AFB  CA  93523-5000 

(805)275-6177 

fax  275-5886 


Dr  Forman  A  Williams 
Center  for  Energy  and 
Combustion  Research,  041 1 
University  of  California 
U  Jolla  CA  92093-0411 
(619)534-5492 
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DrWSWiHiamson 
Plasma  Physics  Department 
Hughes  Research  Laboratories 
301 1  Maibu  Canyon  Road 
Malibu  CA  90265 
(213)317-5443 


Dr  Hans  WoHhart 
Institute  for  Defense  Analysis 
1801  North  Beauregard  Street 
Alexanckia  VA  2231 1 
(703)578-2969 
FAX:  578-2877 


Dr  Ted  Yang 

Massachusette  Institute  of 
Technology 
167  Albany  Street 
Cambridge  MA  02139 
(617)253-8453 


Dr  Thomas  York 
AERO/ASTRO  Engineering 
328  CAE  Building 
Ohio  State  University 
Columbus  OH  43210 
(614)292-2691 


Dr  Paul  Zittel 
(310)336-6642 
FAX:  336-1636 


Dr  Curt  Wittig 
Department  of  Chemistry 
University  of  Southern  CA 
Los  Angeles  CA  90089-0482 
wittig@pem.usc.edu 
(213)740-7368 
FAX:  746-4945 


Dr  D  O  Woolery 
Rocketdyne 
6633  Canoga  Avenue 
Canoga  Park  CA  91304 


Dr  Vigor  Yang 
Department  of  Mechanical 
Engineering 

Pennsylvania  State  University 
University  Park  PA  16802 
(814)863-1502 
FAX  865-3389 


Dr  Ben  Zinn 

School  of  Aerospace  Engrg 
Georgia  Institute  of 
Technology 
Atlanta  GA  30332 
(404)894-3033 


Mr  Robert  Zurawski 

Program  Manager 

Propulsion  Technology  Programs 

NASA  HQA,  OAST-MAIL  CODE  RP 

Washington  DC  20546 

(202)453-2261 
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PROPUl^CTON  nTAfi] 
Invitggs 


CIS 


Dr  Bachalo 

Aerometrics,  Inc. 

350  Del  Rey  Avenue 
Unit  A 

Sunnyvale  CA  94086 
(408)738-6688 


Dr  Edward  Belting 
Aerophysics  Lab,  Prop  &  Env  Sc 
The  Aoospace  Corporation 
PO  Box  92957,  M5/754 
Los  Angeles  CA  90009-2957 
(310)336-7035 


Dr  Richard  Qiang 

Applied  Physics  Departmmt 

P.O.Box  208284 

Yale  University 

New  Haven  CT  06520-8284 

(203)432-4272 

FAX:  432-4274 

RK_CHANG@RAMAN.ENG.YALE.EDU 

Dr  David  Ctosley 
Molecular  Physics  Dq)artnient 
SRI  International 
333  Ravenswood  Avenue 
Menlo  Park  CA  94025-3696 
(415)326-6200 


Dr  A  C  Eckbreth 
United  Technologies  Research 
Center 
Silver  Lane 

East  Hartford  CTT  06108 
(203)727-7269 


Dr  Gregory  Paris 

SRI  International 

333  Ravenswood  Avenue 

Menlo  Park  CA  94025-3493 

(415)859-4131 


Dr  WaiK  Cheng 
Department  of  Mechanical 
Engineering 
MIT 

Cambildge  MA  02139 
(617)253-4531 


Dr  Gregory  Dobbs 
United  Technologies  Research 
Center  -  Mail  Stop  90 
Silver  Lane 

East  Hartford  CT  06108 
(203)727-7145 


Dr  Thomas  Ehlert 
Department  of  Chemistry 
Marquette  University 
Milwaukee  WI 53233 
(414)288-7066 


Dr  Richard  Field 

U.  S.  Army  Armament  R&D  Center 
DRSMC-LCA-G(D) 

Building  382-S 
Dover  NJ  07801 
(201)724-5844 
(201)724-5682 
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Dr  Bish  Ganguly  ' 

WL/POOC-3 

Wiight-PattBison  AFB  OH  4S433-6S63 

(513)255-2923 

DSN  785-2923 

FAX:476.4095 


Dr  Larry  Goss 

Research  Applications  Division 
Systems  Research  Labs,  Inc. 
2800  Indian  Ripple  Road 
Dayton  OH  45440-3696 
(513)252-2706 


Dr  D  L  Hartley 
Combustion  S^nces 
Sandia  National  Laboratories 
Livermore  CA  9455 1-0969 


Dr  L  Hesselink 

Department  of  Aeronautics  and 
Astronautics 
Stanford  University 
Stanford  CA  94305-3032 
(415)723-3466 


Dr  Donald  Holve 
Ihsitec 

28  Bobbie  Court 
Danville  CA  94526 
(415)837-1330 


Dr  Alan  Garscadden 
WL/CA-P 
Building  18 

1921  Sixth  Street,  Suite  5 

Wright-Patterson  AFB  OH  45433-7650 

(513)255-2246 

DSN  785-2246 

FAX:476-4657 

Dr  Ronald  Hanson 
Dq>artment  of  Mechanical 
Engineering 
Stanford  University 
Stanford  CA  94305-3032 
(415)723-1745 
FAX:723-1748 
hanson@navier.stanford.edu 

Dr  (jecil  F.  Hess 
MetroLaser 
18006  Skypark  Circle 
Suite  108 

Irvine  CA  92714-6428 

(714)553-0688 

FAX:553-0495 


Dr  E  D  Hirleman 
Dqpartment  of  Mechanical  and 
Aerospace  Engineering 
Arizona  State  University 
Tempe  AZ  85287 
(602)965-3895 
FAX:965-1384 


Dr  David  Huestis 
SRI  International 
333Jlavenswood  Avenue 
Menlo  Park  CA  94025-3493 
(415)859-3464 
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DrTlKmiasIshu  ' 
D^MOtment  of  Electrical 
Engineexing 
Marquette  University 
Milwaukee  WI 53233 
(414)288-6998 
FAX:288-7082 


Dr  Roman  Kuc 
Department  of  Electrical 
Engineering 
Yale  University 
New  Haven  CT  06520 
(^3)432-4891 


Dr  Bruce  MacDonald 
Research  Applications  Division 
Systems  Research  Labs,  Inc. 
2800  Indian  Ripple  Road 
Dayton  OH  45440-3696 
(513)252-2706 


Drllmothy  Parr 
Naval  WeiqxHis  Center 
Code  3893 

China  Lake  CA  93555 
(619)939-2521 


Dr  Emil  Pfender 

DqNurtment  of  Mechanical  Engrg 
125  Nfechanical  Engineering 
Tte  University  of  Minnesota 
Minneapolis  MN  55455 


DrJay  Jefhies 

SRI  International 

333  Ravenswood  Avenue 

Menlo  Park  CA  94025-3493 

(415)859-6341 


Dr  Marshall  Long 
Dq>artment  of  Mechanical 
Engineering 
Yale  University 
New  Haven  CT  06520 
(203)432-4229 


DrTE  Pariccr 

Physical  Sciences 

20  New  England  Business  Center 

Andover  MA  01810 

(508)689-3232 


DrS  S  Peiuier 
Center  for  Energy  and 

Combustion  Research,  0411 
University  of  California 
La  JoUaCA  92093-0411 
(619)534-4284 


DrWonBRoh 
Department  of  Engrg  Physics 
Air  Force  Institute  of 
Teechnology 

Wright-Patterson  AFB  OH  45433-6583 
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Dr  Gregory  Smitli 
DqMurtment  of  Chem  Kinetics 
SRI  International 
333  Ravenswood  Avenue 
Menlo  Park  CA  9402S-3493 
(415)859-3496 


Dr  Alan  Stanton 
Southwest  Sciences,  Inc. 
1570  Pacheco  Street 
Suite  E-11 
Santa  FeNM  87501 
(505)984-1322 


Dr  Janies  Trolinger 
MetroLaser 
18006  Skypark  Qicle 
Suite  108 

Irvine  CA  92714-6428 

(714)553-0688 

FAX:553-0495 


Dr  John  VandeihofF 
Ballistic  Research  Laboratory 
DRSMC-BU(A) 

Aberdeen  Proving  Ground  MD  21005 
(410)278-6642 


Dr  James  Vetdieck 
Rockwell  International 
Rocketdyne  Div,  M/S  FA26 
6633  Canoga  Avenue 
Canoga  Park  CA  91303 
(818)700-4709 


Dr  Joda  Wormhoudt 
Aerodyne  Research,  Inc. 

45  Manning  Road 
Manning  Park  Research  Center 
Billerica  MA  01821-3976 
(508)663-9500 
FAX:663-4918 


I 
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AlRBREATHINfl  COMBUSTION 
Invitees 


Dr  Suresh  P  Aggaiwal 
Mechanical  Engineering  Dq>t 
University  of  Illinois 
at  Chicago 
Chicago  IL  60680 
(312)996-2235 


Dr  Scott  Anderson 
Dqpaxtment  of  Chemistry 
State  University  of  New  York 
Stony  Brook  NY  1 1794-3400 
(516)632-7915 


DrKuttAnnen 
Aerodyne  Researcht  Inc. 

45  Manning  Road 
Mantling  Park  Research  (jenter 
BilleticaMA  01821-3976 
(508)663-9500 
FAX:663-4918 


Dr  Simon  Bauer 
D^artment  of  Chemistry 
Cornell  University 
Ithaca  NY  14853-1301 


Dr  Howard  Baum 
National  Institute  of 
Standards  and  Technology 
Center  for  Hte  Research 
Gaidiersburg  MD  20899 
(301)975-6668 


Dr  Griffin  Anderson 

NASA  Langley  Research  Center 

M/S  168 

Hampton  VA  23665 
(804)864-3772 


DrK  Aimamalai 
Mechanical  Engineering  Dept 
Texas  A&M  Univosity 
College  Station  TX  77843-3123 


Dr  Jad  Batteh 
Science  Applications 
International  Corporation 
1519  Johnson  Ferry  Rd  #300 
Marietta  GA  30062 
(404)973-8935 
FAX:973-6971 


DrS  LBaugheum 
Boeing  Company 
PO  Box  3999,  MS  87-08 
Seattle  WA  98124 
(206)965-0426 
FAX:234-4543 


Dr  John  Bdal 

Los  Alamos  National  Laboratory 
Los  Alamos  NM  87545 
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DrHLBeach 

NASA  Langley  Research  Center 
MS  168 

Hampton  VA  23665-5225 

(804)864-3772 

(804)864-2658 


Dr  Michael  Berman 
AFOSR/NC 

1 10  Duncan  Avenue,  Suite  B1 15 
Bolling  AFB  DC  20332-0001 
(202)767-4963 
DSN  297-4963 


Dr  Gary  Borman 
University  of  Wisconsin 
Engine  Research  Lab,  ME  Dept 
1500  Johnson  Drive,  Rm  119  ERB 
Madison  WI 53706 
(608)263-1616 
FAX:262-6707 


Dr  C  T  Bowman 
Dq)artment  of  Mechanical 
Engineering 
Stanford  University 
Stanford  CA  94305-3032 
(415)723-1745 
FAX:723-1748 
bowman@navier.stanforcLedu 

Dr  Robert  Bieidenthal 
Department  of  Aeronautics  and 
Astronautics 

University  of  Washington,  FSIO 
Seattle  WA  98195 
(206)685-1098 


Dr  Josette  Bellan 
Applied  Technologies  Section 
Jet  Propulsion  Lalxrratory 
4800  Grove  Drive 
Pasadena  CA  91 109 
(818)354-6959 


Dr  Paul  Bonczyk 
United  Technologies  Research 
Center 
Silver  Lane 

East  Hartford  CT  06108 
(203)727-7162 


Dr  Kevin  Bowcutt 
Rockwell  International 
Mail  Code  NA40 
12214  Lakewood  Boulevard 
Downey  CA  90241 
(213)420-0317 


DrKNCBray 
University  of  Cambridge 
Dq>artment  of  Engineering 
Trumpington  Street 
Cambridge  CB2  IPZ,  England  UK 
0223  332744 
0223  337733 
FAX0223  332662 

Dr  I^nneth  Brezinsky 
Department  of  Mechanical  and 
Aerospace  Engineering 
Princeton  University 
Princeton  NJ  08544-5263 
(609)258-5225 
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Dr  J  E  Bioadwell ' 
GradualB  Aeronautical  Labs 
Califomia  Institute  of 
Technology 
Pasadena  CA  91125 


Dr  R  C  Brown 
Aerodyne  Research,  Inc. 

45  Manning  Road 
Manning  Park  Research  Center 
Billerica  MA01S21-3976 
(508)663-9500 
FAX:663-4918 


Dr  Dennis  Bushnell 

NASA  Langley  Research  Center 

Mail  Stop  168 

Hampton  VA  23665 

(804)864-4546 


Dr  TD  Butler 
Group  T-? 

Los  Alamos  National  Laboratory 
Los  Alamos  NM  87545 
(505)667-4156 


Mr.  Dtmald  Campbell 
NASA  Lewis  Research  Center 
21000  Broolq>ark  Road 
Mail  Stop  3-2 
Cleveland  OH  44135 
(216)433-2929 
(216)433-5266 


Dr  Garry  Brown 
Department  of  Mechanical  and 
Aerospace  Engineering 
Princeton  University 
Princeton  NJ  08544-5263 
(609)258-6083 


Dr  John  D  Buckmaster 
E)epartment  of  Aerospace 
Engineering 
University  of  Illinois 
UrbanalL  61801 


Dr  Ron  Butler 
WL/POSF 
Building  490 
1790  Loop  Road,  N 

Wright-Patterson  AFB  OH  45433-7103 


Dr  H  F  Calcote 

AeroChem  Research  Laboratories 
Inc. 

P.  O.  Box  12 
Princeton  NJ  08542 
(609)921-7070 


Dr  Graham  V  Candler 
Department  of  Aerospace 
Engineering  &  Mechanics 
University  of  Minnesota 
Minneapolis  MN  55455 
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Dr  Brian  Ointwell 
Department  of 

Mechanical  Engineering 
Stanford  University 
Stanford  CA  94305-3032 
(415)723-4825 


Dr  Lea  D  Qien 

Mechanical  Engineeiing  Dept 

University  of  Iowa 

Iowa  atylA  52242 

(319)335-5674 

FAX:335-5669 

ldchen@icaen.uiowa.edu 


Dr  Robert  Childs 
Nielsen  Engineering  and 
Research,  Inc. 

510  Qyde  Avenue 

Mountain  View  CA  94043-2287 

(415)968-9457 


DrTryfon  Charalampopoulos 
Mechanical  Engineering  Dept 
Louisiana  State  University 
Baton  Rouge  LA  70803 
(504)388-5792 
(504)388-5799 


Dr  Norman  Chigier 
Department  of  Mechnanical 
Engineering 

Camegie-Mellon  University 
Pittsburgh  PA  15213-3890 
(412)578-2498 


Dr  S  Y  Cho 

Department  of  Mechanical  and 
Aerospace  Engineering 
Princeton  University 
Princeton  NJ  08544-5263 


Dr  M-S  Chou 

Building  Rl,  Room  1044 

TRW  Space  and  Technology  Group 

One  Space  Park 

Redondo  Beach  CA  90278 

(213)535-4321 


Mr  Steven  Qouser 
Research  and  Technology  Group 
Naval  Air  Propulsion  Center 
Trenton  NJ  08628 
(609)896-5752 
DSN  442-7752 


Mr  R.W.  Qaus 

NASA  Lewis  Research  Center 
21000  Brookpark  Road 
Cleveland  OH  44135-3127 
(216)433-5869 


Capt  Keith  Clutter 
WL/MNAA 

Eglin  AFB  FL  32542-6810 
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